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OPENING  REMARKS 


Rudy  Black 
ARPA 


This  meeting  is  a  fo^low-on  to  the  ARPA  Seismic  Coupling 
Conference  held  at  IDA  on  June  8  and  9,  1970.  At  the  conclusion  of  that 
meeting  the  participants  were  asked  to  send  us  their  comments  on  the 
meeting,  its  merits,  and  its  principal  shortcomings.  We  received 
comments  from  some  of  you  who  are  at  this  conference  and  from  others 
who  attended  the  IDA  meetings.  Many  of  these  comments  concerned  the 
apparent  lack  of  a  tie  between  the  work  of  the  rock  mechanics  and 
computer  code  people  and  the  seismologists  who  subsequently  use  their 
data. 


We  decided  to  attempt  to  close  the  loop  with  a  follow-on 
roundtable  discussion,  to  review  the  seismological  aspects  of  the 
se.ismi c-coupling  problems  to  which  ARPA  is  seeking  solutions. 

This  meeting  will  consider  various  topics  related  to  seismic 
source  functions  and  their  seismological  applications.  We  deliberately 
kept  the  meeting  small  to  promote  an  informal  atmosphere  and  infor¬ 
mation  exchange. 

I  will  chair  the  meeting  this  morning.  Colonel  Russell  will 
chair  this  afternoon's  session. 

Jack  Evernden  made  up  a  list  of  questions  that  we  could  ask 
the  seismologists  to  throw  some  light  on  what  uses  they  make  of  seismic 
source  functions.  The  questions  are  as  follows: 

1.  What  is  the  fundamental  purpose  of  the  program? 

2.  What  are  the  seismological  observations  to  be  explained? 

a.  mt,  versus  Y  versus  medium 

b.  1/10/20/50  sec  spectrum  ratios  for  explosions  versus 
those  for  earthquakes 

c.  Close-in,  free-field  measurements 

3.  What  is  required  of  codes  to  allow  prediction  of  long-range  seismic 
signals  (3  cps  to  50  sec)?  (Note  LRL  correlation  of  reduced  displace¬ 
ment  potential  and  mb.) 

4.  For  information,  how  are  reduced  displacement  potential  or  equiva¬ 
lent  (given  at  specified  distance  from  explosion)  converted  into  pre¬ 
dicted  long-distance  seismic  signals? 
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5.  What  is  the  status  of  calculations  or  calculation  capability  for 
distant  effects  of  a  defined  pressure  regime  (elastic)  applied  to  the 
surface  of  a  spheroidal  cavity?  ...  a  nonspheroidal  but  analytically 
desirable  cavity  (ellipsoidal,  say)?  ...  an  arbitrarily  shaped  cavity? 

6.  What  is  the  status  of  understanding  of  the  spectral  composition  of 
earthquake  signatures?  ...  explosion  signatures? 

7.  What  are  the  major  remaining  problems  in  understanding  of  earth¬ 
quake  and  explosion  signatures? 

8.  How  would  seismologists  suggest  furthering  explosion  source  con¬ 
ditions  to  alter  the  radiated  seismic  signature  in  the  direction  of 
earthquake  signatures? 

These  questions  will  set  the  basis  for  our  discussion  over 
the  next  two  days. 

I  suggest  that  we  consider  them  in  this  order:  No.  1,  which 
concerns  the  purpose  of  the  meeting;  then  No.  2  and  No.  6,  which 
concern  the  seismologies!  observations  that  have  to  be  satisfied  by 
code  predictions  of  earth  motion;  No.  4  and  No.  5:  What  do  the 
seismologists  do  with  the  seismic  soi  .'ce  functions  that  are  generated 
by  computer  codes?;  then  No.  3:  What  do  the  seismologists  require 
of  the  people  who  are  developing  the  computer  codes?,  What  sort  of 
source  functions  do  they  need?,  What  are  the  parameters  that  they 
would  like  to  see  incorporated  into  these  functions?;  then  finally, 

No.  7  and  No.  8. 

Before  beginning  our  discussion  of  these  topics,  I  would 
like  to  introduce  the  participants  of  this  meeting. 

The  seismologists  are  Nafi  Toksoz,  MIT;  David  Harkrider  and 
Charles  Archambeau  of  Cal  Tech;  Shelton  Alexander  from  Penn  State; 
Stuart  Smith  from  the  University  of  Washington;  and  Clint  Frasier  from 
MIT. 


The  rock  mechanics  consnuni ty  is  represented  by  John  Handin 
of  Texas  A  and  M,  Wayne  Brown  of  the  University  of  Utah,  and  Bill  Judd 
of  Purdue. 


The  code  calculation  community  is  represented  by  Jack  Trulio, 
Applied  Theory;  Chuck  Godfrey,  Physics  International;  Dave  Riney  of 
SSS;  Ted  Cherry  of  LRL;  and  Hank  Cooper  of  the  Air  Force  Weapons  Lab. 

Mamie  Rotenberg,  who  is  a  member  of  our  ARPA-DASA 
Decoupling  Panel,  is  also  here  to  participate  in  o\ir  discussions. 
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Howard  Rodean  is  here  from  LRL.  Howie  is  project  leader  of 
the  joint  ARPA-AEC  project  concerned  with  seismic  detection  and  evasion 
research.  One  of  the  major  topics  they  are  considering  is  seismic 
coupling. 


Jack  Whitener  ’s  here  from  Rand.  Jack  was  the  technical 
director  for  our  enhanced  decoupling  experiment  Diamond  Dust,  and  he 
is  the  technical  director  for  the  follow-on  experiment,  Diamond  Mine. 
Bill  Perret,  from  Sandia,  is  here  to  discuss  close-in  measurements. 

The  DoD  representatives  are  Colonel  Pearce,  Colonel  Russell  and 
Don  Clements  of  ARPA;  John  Lewis,  Marvin  Atkins,  Colonel  Barker,  and 
LtColonel  Ci  rceo  of  DNA;  and  Colonel  Klick,  AFOSR. 

H  1  would  11ke  to  comment  very  briefly  on  the  first  question: 

What  is  the  fundamental  purpose  of  the  program?"  The  purpose  of 
the  ARPA  research  in  seismic-coupling  is  to  develop  the  capability  to 
predict  ground  motion  resulting  from  underground  nuclear  explosions 
in  various  geologic  environments.  We  need  to  be  able  to  predict  for 
tamped  shots  the  close-in  motion  ranging  from  tens  of  feet  out  to 
thousands  of  feet.  In  connection  with  experiments  that  we  conduct  with 
nuclear  weapons  and  with  HE,  where  we  have  very  small  charges,  we  are 
unable  ordinarily  to  get  seismic  measurements  at  much  more  than  a  few 
kilometers.  We  have  to  rely  on  the  close-in  data  for  low  yield  tests 
and  extrapolate  this  kind  of  data  to  the  larger  yields  that  are  of 
interest  to  us  in  our  program.  We  have  to  develop  a  computational 
capability  to  predict  ground  motion  that  duplicates  the  measurements 
we  actually  obtain  (the  close-in  measurements)  and  having  done  this, 
scale  to  larger  yields. 

We  need  to  be  able  to  predict  for  tamped  shots  in  any 
particular  geologic  source  media  the  strength  and  the  character 
of  the  seismic  signal  that  will  be  recorded  at  teleseismic  distances. 

We  need  this  capability  to  evaluate  what  yield  or  range  of  yields 
could  be  detonated  by  potential  evaders  without  detection  by  any 
real  or  proposed  seismic-detection  network. 

We  need  to  be  able  to  determine  quantitatively  the  amount 
of  degradation  of  seismic  coupling  that  is  produced  by  either 
fully  decoupled  or  overdriven  shots  in  cavities.  Finally,  we  need 
to  be  able  to  define  the  seismic  source,  explosion  versus  earth¬ 
quake,  and  the  yield  (if  it  is  an  explosion)  based  on  the  distant 
seismic  signals. 

We  clearly  need  to  know  a  great  deal  more  than  we  currently 
do  about  seismic  coupling,  and  it  is  for  these  reasons  that  ARPA  has 
supported  theoretical  work  to  develop  and  test  computer  codes  to 
predict  ground  motion  from  underground  nuclear  explosions. 

Rock  mechanics  enters  the  picture  because  the  codes  require 
knowledge  of  the  source-rock  properties.  The  ARPA  Nuclear  Monitoring 
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Research  Office  supports  about  a  million  dollars  worth  of  work  annually 
in  rock  mechanics,  and  about  the  same  level  of  effort  in  code  calcu¬ 
lations.  We  have  been  working  on  these  problems  for  several  years,  and 
a  considerable  amount  of  money  has  been  expended  for  this  research.  We 
hope  that  the  discussions  we  are  initiating  here  this  morning  will  help 
us  to  achieve  our  objectives. 

Question  No.  2  concerns  the  seismological  observations  that 
we  must  eventually  explain  or  duplicate  from  computer-code  calcu¬ 
lations.  Jack  divided  this  question  into  two  areas:  one  concerning 
body-wave  magnitude  versus  yield  as  a  function  of  geologic  medium, 
the  second  concerning  the  power  spectral  ratio  in  the  1,  10,  20,  and 
50-sec  period  range  for  earthquakes  versus  explosions.  I  would  like 
to  add  a  third  category  to  these:  the  close-in,  free-field  measure¬ 
ments. 


Shelton  Alexander  has  volunteered  to  lead  off  on  body-wave 
magnitude  versus  yield.  I  think  Howie  Rodean  of  LRL  also  has  some¬ 
thing  to  say  on  that  subject.  I  believe  Shelton  also  wants  to  talk 
about  the  second  area,  power  spectral  ratios,  and  Clint  Frasier  also 
has  something  to  say  on  that  particular  subject.  Finally,  with  regard 
to  Question  No.  2,  Bill  Perret  from  Sandia  will  discuss  the  close-in 
measurements. 
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BODY-WAVE  MAGNITUDE  VERSUS  YIELD 


I 


Shelton  Alexander 
Pennsylvania  State  University 


What  I  will  do  is  start  off  with  a  figure  of  Jack  Evernden's. 
Figure  1  shows  the  Pn  magnitude  (mb)  versus  yield  for  various  types  of 
media.  I  will  have  to  call  on  Rudy  to  comment  in  detail  on  this,  but  I 
believe  the  objective  of  the  illustration  was  to  show  the  variations  ob¬ 
served  for  different  types  of  media.  You  can  see  the  valley  alluvium 
has  the  lowest  Pp  magnitude  for  a  particular  yield,  and  we  go  on  up  in 
tuff  and  hardrock,  which  appear  to  be  not  too  different,  at  least  in  the 
one  to  20  or  30  kt  region.  However,  when  you  go  on  up  to  higher  yields, 
they  do  seem  to  separate  in  the  vicinity  of  100  kt.  The  values  in  paren¬ 
theses  are  for  shots  below  the  water  table,  and  in  the1  upper  left  of  the 
figure  are  presumably  underwater  shots. 

This  point  is  for  valley  alluvium  below  the  water  table,  and 
far  up  to  the  right  are  shots  below  the  water  table  also.  I  believe 
Jack's  contention  is  that  the  water  table  may  make  a  significant  dif¬ 
ference  in  yield  (or  magnitude)  depending  on  whether  or  not  the  shot  is 
above  or  below  the  water  tablie. 

1  I 

MR.  RINEY:  Could  you  give  us  some  idea  what  the  error  bars  are  on 
those  measurements? 

MR.  ALEXANDER:  I  cannot.  I  will  say  that  while  the  standard  deviation 
of  the  mean  for  body-wave  magnitude  determined  using  many  observations 
typically  may  be  quite  small,  individual  station  magnitudes  Commonly 
deviate  from  the  mean  by  as  much  as  half  a  magnitude  unit.  I  will  show 
data  relevant  to  this  question  a  little  later.  Unfortunately  I  do  not 
have  these  same  events  plotted  versus  the  shot  medium,  but  I  dp  have 
some  typical  plots  of  surface-wave  versus  body-wave  magnitude  which 
presently  is  one  of  the  best. discriminants  for  identifying  nuclear  ex¬ 
plosions. 

MR.  CHERRY:  Are  you  going  to  talk  about  how  those  magnitudes  are 
determined? 

MR.  ALEXANDER:  Typically,  for  the  body-wave  magnitude,  we  use  the  first 
portion  of  the  seismic  signature  which  consists  of  a  periodic  pulse 
lasting  several  seconds  and  which,  at  teleseismic  distances,  has  a  pre¬ 
dominant  frequency  of  1  Hz  or  thereabouts.  At  closer  distances  you  get' 
higher  predominant  frequencies.  Typically  what  you  do  is  measure  the 
maximum  amplitude  of  this  first  wave  packet.  The  body-wave  magnitude 
then  is  proportional  to  the  log  of  this  measured  amplitude  divided  by 
the  predominant  period.  The  formula  is  mb  =  log(A/T)  +  B(a)  +  C 
where  B  is  a  distance  correction  factor  and  C  a  constant. 
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Figure  1.  Pn  Magnitude  (mb)  Versus  Yield  for  Various  Types  of  Media 


reflertinnA™m<™h?  f  A  Ju  !  cycle  you  begin  t0  see  the  surface 
reflection  coming  in,  and  that  alters  the  amplitude.  Therefore  the 

first  motion  amplitude  or  the  amplitude  of  this  first  peak  I  think 
would  be  the  most  reliable  in  terms  of  body-wave  magnitude 'although'* the 
maximum  in  the  first  two  or  three  cycles  is  used  routinely  in  the  calcu¬ 
lation  of  P-wave  magnitude  by  many  workers. 

MR.  CHERRY:  What  distance  is  that? 

Th*«AtPAND-R:  any  dl‘ stance,  this  is  how  magnitude  is  measured 

Then  there  is  a  distance  correction  factor,  and  that  is d’Znt' 

3!ooodkm?  °n  Whether  the  recei‘ver  ^  close  in,  that  is,  less  than 

presented?1  H°“  d°eS  the  ra,,9e  factor  int0  the  way  the  data  are 

«so?i!tedDwtth  It!rlinlf„niSia?Ce  CorTect1on  factor  whf<:h  I  mentioned 
example^devefoped^n^nvarlab^e^sort^f'reiation^fo^the^iose^n  the 

Of  Jii  ;  2f°?S  at  tbe  Nevada  Test  Site-  So  you  take  the  mean 

what  would *be  iloti^Mn  ?a?mfUd?  estimates  for  each  event  and  that  is 
wnat  would  be  plotted  in  a  typical  curve  such  as  you  see  here  All  nf 

the  azimuths  that  you  have  recording  stations  for  are  included. 

MR.  BROWN:  What  is  the  magnitude  here,  A  over  what? 

effect^t^^QMNnH0!;*-14  -S  U-ke  freguency  times  the  amplitude.  In 
errect,  it  is  ground  motion  in  microns.  K 

COL.  PEARCE:  What  are  A  and  T  normalized? 

?o\fS:ofI^u^r^J^r/m^s%0e"?,cps!hiS  da‘ 

“a t  Jffi  alSToS  T0”"!!  d1re"sio"s 

MR.  ALEXANDER:  A0  is  one  micron.  You  standardize  on  the  whole  set. 
based  ^these."  1  th°U9ht  there  Were  SOme  Standard  sources  on  which  you 
MR.  ALEXANDER:^  No.  The  original  definition  of  magnitude  went  back  tn 

TnstrumentB(Wo')d-Anderson^torsion\eismometer)|anCe  (1°°  ^  ^ 

IRbe^eveN‘  Magnit^e  wSs  J^ventld^rfhe'^s'eSolSg^s5  to  Sk^SjjTif 
and  °Ut  °f  6arthqUake  Stat1stics*  a"d  50  ^  has  this  amplitude 
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Tntent°is9?o  The  ultimate 

MR.  ALEXANDER:  Right. 

Tor  example,  t?to“  £££  X.1 "ll?e  d,^ce  c°™«°n  Actors, 
-trica,  spreading,  and  the  effec?s 

Hhat  IEhaveEdoneS?r a°fexper1mentSto  trJ'and0?  f  U  demonstrate  that, 
factors  as  possible  to  loTlHhVexM  sotces*  “  "3"y  °f  these 

rectlon  factors?**16^  S°me  "eal  fned'um  that  would  not  have  any  cor- 

MR.  TOKSOZ:  One-dimensional,  nonattenuating  rock. 

MR.  TRULIO:  Or  elastic. 

sions,  you  have  t^tal'k ’aboutdpliane'ones.’  °r  'f  y°U  W°rk  in  two  d'men" 

MR.  GODFREY:  How  does  T  vary?  Is  It  to  the  function  of  yield? 

It'turns'cut^that  ^Sll?5,t1Jl2ty1eJd1*t  stances, 

have  predominant  frequenciel  of  the  S  of  l^z  Sh°tS'  tUrn  out  t0 

MR.  GODFREY:  So  why  is  it  in  there  at  all? 

tnatR1sEaboutIwhereathetresponsebcurveeir'centered!'OW  band 

correctiorTfor  the^nstru^thresponstTashfa^as^alrHs  concerned.3 
ticu?arEdVirect?an"?ed  *°  a$k  yuU  ab°ut  “"PHtude.  Is  that  in  any  par- 
MR.  ALEXANDER:  Normally  it  would  be  taken  from  the  vertical  Instrument. 
wWb1g^°  y°U  Uke  the  first  peak  Instead  of  the  second, 

leaves  the  sourcehatfanSangirof  less  thanks  af0t®!??eism'c  distances 
vertical.  Followinq  onto  that  !Ah!  35  def,with  resMect  to  the 

waveform.  For  example,  Mf,row  and  W^ilStTtht 
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were  very  well  recorded;  the  first  portions  of  the  signal  show  up 
with  consistent  relative  levels  at  the  high  gain  stations  while 
the  later  part  is  quite  variable  from  station  to  station.  However, 
the  maximum  amplitude  in  the  first  three  cycles  of  motion  is  com¬ 
monly  used  in  routine  magnitude  determinations  in  spite  of  these 
complications. 

MR.  COOPER:  Shelton,  could  you  comment  on  the  source  region?  I 
gather  these  events  are  primarily  at  NTS. 

MR.  ALEXANDER:  Except  for  Longshot,  that  would  be  true,  I  believe. 

MR.  RUBY:  Wouldn't  the  lower  ones  be  coupled? 

MR.  ALEXANDER:  Except  for  these  and  Longshot. 

MR.  COOPER:  What  I  am  questioning,  I  guess,  is  the  dependence  on 
the  path  with  respect  to  velocity.  Do  you  have  relevant  data? 

MR.  RINEY:  In  the  paper  from  which  this  came  I  think  these 
standardized  the  path  from  west  to  east.  Even  Longshot  was 
standardized  in  that  way,  if  I  remember  right  from  reading  the 
paper. 

MR.  BLACK:  I  think  there  is  about  0.3  of  a  magnitude  difference 
for  paths  from  NTS  to  the  east  compared  with  paths  to  the  west. 

MR.  ALEXANDER:  Different  source  areas  do  have  different  distance 
correction  factors.  For  example,  NTS  structure  attenuates  energy 
significantly  as  compared  to  certain  other  source  areas.  The 
same  size  event  at  NTS  and  another  source  area  would  show  up  with 
a  different  magnitude  if  you  used  the  same  distance  correction 
factor.  In  effect,  what  you  have  to  do  is  calibrate  each  source 
region  as  far  as  the  signal  levels  vs  yield  are  concerned.  Most 
of  these  data  involve  first  of  all  the  same  source  region  and 
pretty  much  the  same  set  of  receivers.  I  do  not  think  he  had 
common  receivers  for  all  of  these  events,  simply  because  the 
history  of  the  program  is  such  that  the  recording  stations  have 
changed.  Nonetheless,  many  of  the  stations  are  in  common,  so 
relatively  speaking  these  relationships  are  reasonable.  The  paths 
represented  in  the  magnitude  determination  do  not  change  appreci¬ 
ably  from  event  to  event. 

MR.  LEWIS;  Could  I  ask  what  these  data  points  are  up  here  in  the 
upper  right  hand  comer  in  parentheses? 

MR.  ALEXANDER;  Shots  below  the  water  table.  I  do  not  know  what 
particular  events  these  are,  however. 
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MR.  LEWIS:  I  just  wanted  to  ask  a  question  about  drawing  those 
curves,  the  philosophy  of  drawing  curves  from  data  like  that. 

MR.  BLACK:  There  are  several  things  that  I  think  we  ought  to 
keep  in  mind  about  this  illustration.  First,  it  is  an  unclassified 
figure,  and  there  are  other  points  that  were  used  to  help  define 
these  lines  which  are  not  on  this  graph. 

Second,  most  of  this  data  is  NTS  data.  The  points  on 
the  left,  those  triangles,  are  chemical  explosions  in  water. 

Because  most  of  these  shots  were  fired  at  NTS,  we  are  limited  in 
source  material  to  either  alluvium,  some  form  of  tuff,  or  some 
form  of  volcanic  hard  rock  or  granite. 

Nevertheless,  there  are  great  differences  in  seismic 
coupling  even  in  the  limited  geology  in  which  we  have  shot. 

Alluvium  turns  out  to  be  the  lowest  coupling  materiel,  but  it 
also  shows  the  greatest  range  in  magnitude  for  a  given  yield. 

Evemden  pointed  out,  at  the  Coupling  Conference  at 
IDA  in  June,  that  the  difference  in  coupling  as  a  function  of 
source  medium,  is  small  at  yields  below  1  kt.  At  higher  yields 
the  differences  in  coupling  due  to  source  medium  are  quite  pro¬ 
nounced  for  the  hard  versus  the  soft,  unconsolidated  rocks. 

Evernden  also  stated  that  the  coupling  of  dry  versus  wet  porous 
materials  is  quite  different.  Note,  for  example,  the  shot  in 
alluvium  fired  below  the  water  table,  which  lies  nearly  on  the 
water  line. 

MR.  LEWIS:  I  interpreted  what  he  said  to  mean  that  everything 
was  sort  of  path  dependent;  therefore  calculations  of  things 
happening  close  to  the  device  or  the  explosion  got  washed  oi.t  in 
a  hurry  because  of  propagation  path  characteristics. 

MR.  CHERRY:  One  of  the  interesting  things  is  that  hard  rock 
coupling  line;  at  the  higher  yields  it  looxs  like  you  are  getting 
bettor  coupling  than  in  water. 

MR.  BLACK:  I  am  sorry  Evemden  is  not  here  to  discuss  that 
point,  because  he  has  developed  an  explanation  for  that  bend. 

When  he  plots  surface-wave  magnitude  versus  yield,  it  plots  on 
a  straight  line. 

MR.  CHERRY:  He  thinks  what  is  plotted  on  a  straight  line? 
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MR.  BLACK:  The  surface-wave  magnitude  versus  yield, 

MR.  COOPER:  Is  the  surface-wave  magnitude  defined  the  same  way 
as  for  body  waves? 

MR.  ALEXANDER:  Yes,  except  now  you  are  talking  about  Rayleigh 
waves  in  a  later  portion  of  the  record  and  the  amplitude  A 
over  T  w'^ere  the  period  is  about  20  sec. 

MR.  ROTENBERG:  I  would  like  to  ask  what  the  labels  really  mean, 
hard  rock,  valley  tuff,  and  so  on.  Does  that  mean  where  the 
shot  actually  took  place? 

MR.  BLACK:  Yes. 

MR.  ROitNBERG:  It  does  not  mean  the  material  over  which  the 
wave  . . . ? 

MR.  ALEXANDER:  It  is  the  shot-point  environment. 

MR.  ROTENBERG:  It  does  not  even  mean,  for  example,  that  is 
the  material  in  which  the  inelastic  region  was,  necessarily. 

MR.  LEWIS:  That  is  hard  to  say.  Pahute  Mesa,  for  example, 
where  a  lot  of  the  larger  yield  things  are  shot,  is  a  very 
complicated  volcanic  mass.  It  is  a  combination  of  various 
kinds  of  ashes,  tuffs,  and  then  there  are  rhyolite  sills  which 
may  be  hundreds  of  feet  thick.  Some  of  the  shots,  and  I 
don't  know  whether  they  are  on  this  curve,  were  fired  in 
those  sills.  It  depends  on  how  large  the  yield  is  as  to 
whether  or  not  the  elastic  limit  would  be  contained  within 
the  sill  or  whether  it  got  out  into  the  material  above  and 
below.  It  is  a  very  complicated  system.  About  all  you 
can  say  for  sure  is  that  for  the  really  large  ones,  you 
probably  are  below  the  water  table. 

MR.  BLACK:  I  would  like  to  make  one  more  point.  There 
are  many  ways  of  determining  body-wave  magnitude.  The  one 
that  has  been  used  in  this  graph,  involves  the  maximum 
amplitude  of  the  first  three  cycles  rather  than  the  first 
initial  pulse.  I  think  LRL  does  it  differently. 
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MR.  RODEAN:  For  our  magnitude  versus  yield  or  amplitude  work 
for  our  yield  determination  of  shots  we  use  close-in  stations 
two  or  three  hundred  kilometers  away,  and  what  we  call  the  A, 
B,  and  C  amplitudes:  the  first  positive  pulse,  the  first 
negative  pulse,  and  then  the  second  positive  pulse.  We  cor¬ 
relate  the  amp  itudes  of  these  versus  yield,  and  then  we 
factor  in  the  location  of  oie  shot  within  the  test  site.  This 
is  what  we  do  to  try  to  get  estimated  yields  in  the  afternoon 
from  a  shot  in  the  morning.  We  don't  calculate  magnitudes  as 
such;  we  just  take  the  measured  amplitudes. 

One  other  thing,  Shelton,  maybe  to  put  things  on  an 
even  keel,  could  you  just  describe  briefly  the  seismic  noise 
as  a  function  of  frequency,  and  then  the  different,  shall  we 
say  windows  in  the  seismic  spectrum  that  seismologists  look 
at? 

MR.  TRULIO:  I  wanted  to  ask,  are  the  low  ends  of  these  curves 
based  mainly  on  HE  shots? 

MR.  ALEXANDER:  No. 

MR.  TRULIO:  The  HE  and  nuclear  shots  pretty  much  fall  to¬ 
gether? 

MR.  RODEAN:  I  think  that,  with  the  exception  of  the  four 
triangles  in  the  upper  left  hand  comer  around  the  water 
data,  everything  else  is  a  nuclear  shot. 

MR.  LEWIS:  I  think  that  is  an  important  point,  because  it 
seems  to  me  that  HE,  on  a  pound-for-pound  or  a  kiloton-for- 
kiloton  basis,  should  couple  better  than  the  nuclear.  I  don't 
have  any  data  on  that. 

MR.  BLACK:  Certainly  the  spectrum  is  different. 

MR.  LEWIS:  So  you  really  don't  know  how  much  of  that  curve  on 
the  left  hand  side  called  the  water  curve  is  really  influenced 
by  the  fact  that  it  is  HE. 

MR.  BLACK:  As  I  said  before,  there  are  other  points  on  that 
curve  which  are  not  shown  here  because  they  happen  to  be 
classified.  They  do  fit  the  curve  very  nicely. 
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mr  aiFXANDER-  Back  to  this  other  point  about  the  noise  factor,  there 
H*  0?  e  pe^ .not  at  every  site  necessarily  but^t^^tes,  at^ 

JESS  whi ch°accoiintsef or  ^  the Nnstramerts  are  usually  peated  & 
Very  fortuitously  the  s'9nels  happen  to  be  Jigger  there  ^  ^ 

the  higher  frequencies  are  attenuated  very  P  y  Then 

'  &  I  hborl J f^^out  J- to 

8-sec  period  There  was  some 0qtThe’re  ™y  ^fa  no?cS  iS  the  vicinity  of 
conference  about  whether  or  not  there  *  b  ff  signifiCantly 

si 

”SiESiln,ssrr:rsK~- 

Unfortunately,  the  work  that  I  have  been  h^eby?e1ds 

primarily  on  the  Ms  vs  mb  5gPETsrpxDlosions  for  which  this  information 

iM?.™  W  Figure  &  ‘J|-nrcy 

assess 

of  hundreds  of  kilotons. 

SSM  s-5-”-ararthquakes  are  included  There 

« Era  3&js  Mir 

factor  which  1  s . a?9propri ate  for t^^A/TjT MsITpl^  U6  1*“' 
TereT^t  .e  JlsSST St.  was  tH.  old  Gutenberg  f omul ati on.  with 
perhaps  a  constant  added  on  for  different  source  areas. 

>i  4.,,rnc  out  that  Gutenberg's  formula  only  applies  for 
It  turns  out  tnac  uuuenuc  y  distance  correction 

distances  greater  than  15  deg  (  '.’distances>  i  do  not  have  a 

factor  just  does  not  ho  d  f^^Xop  er«d%litude  decay 
fiqure  to  show  it,  but  it  you  P!0?.*n*  ,  lnn  A  at  ab0ut  15  deg. 
with  distance,  it  becomes  asymp  o  •  near_-jn  curve  using  the 

What  was  done  was  to  define  «P’”  tally  r«orde£ then.  The 

resul ting  raS^e^rtS'Sistanc.  correction  factor. 
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Figure  2.  Least  Squares  Fit  to  Mg  (Gutenberg)  Versus  m  for  39  NTS  Explosi 
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Figure  3.  Adjusted  M$:m  for  NTS  Explosions  and  Nevada  and  Missouri  Earthquakes. 
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For  the  small  events  the  surface  waves  just  are  not  seen  at  large 
distances;  we  must  rely  solely  on  the  close-in  surface-wave  measurements. 
Therefore  you  do  get  a  bias  unless  a  correction  such  as  this  is  made  to 
get  rid  of  the  propagation  effects. 

There  is  a  lot  of  overlap  here,  but  it  turns  out  that  even 
when  you  get  down  to  the  smaller  magnitudes,  the  mean  explosion  and 
earthquake  curves  still  tend  to  be  separated  from  one  another.  However 
there  is  a  definite  overlap  for  the  small  events  so  you  cannot  draw  a 
line  that  completely  separates  explosions  from  earthquakes.  The 
straight  lines  you  see  are  least-squares  fits  for  explosions  and  earth¬ 
quakes  taken  separately. 

You  still  see  scatter  here,  and  the  question  arises  as  to  what 
it  is  due  to.  Earthquakes  of  course  scatter  still  more  at  particular 
stations.  We  wanted  to  see  whether  or  not  this  scatter  in  Ms  vs  mb  for 
explosions  was  due  to  the  P  waves  that  were  received  or  to  the  surface 
waves.  Therefore,  the  next  experiment  was  to  try  to  eliminate  some  of 
these  propagation  effects  by  looking  at  a  suite  of  events  from  a  local 
source  area  recorded  at  a  single  station  so  that  they  all  have  almost 
the  same  transmission  path.  In  Figure  4  are  shown  the  P-wave  amp7itudes 
of  NTS  explosions  and  earthquakes  observed  at  the  station  KN-UT  in  Utah 
versus  the  Rayleigh-wave  amplitudes.  The  solid  dots  are  the  same  set  of 
explosions  that  were  plotted  in  the  previous  figure.  You  see  there  is  a 
lot  of  scatter.  The  paths  for  most  of  these  shots  are  very,  very  simi¬ 
lar,  so  that  the  medium  is  invariant  in  the  problem,  and  the  station 
itself  is  invariant;  yet  there  is  still  significant  scatter. 

Fiqure  5  is  a  curve  obtained  by  plotting  the  observed  indi¬ 
vidual  surface-wave  signals  at  this  single  station  versus  the  "expected" 
Pn  amplitudes,  based  on  averages  of  different  stations'  Pn  or  body-wave 
magnitudes  for  each  event.  The  scatter  is  considerably  reduced  compared 
to  the  previous  plot.  There  are  still  a  couple  of  points  down  here  to 
the  left  of  the  figure.  I  do  not  think  this  apparent  curvature  here  is 
meaningful  considering  the  overall  scatter.  The  point  is  that  the  scat¬ 
ter  in  the  surface-wave  magnitudes  seems  to  be  quite  a  bit  less  than  in 
the  previous  figure.  What  I  claim  is  that,  as  seen  at  this  receiving 
station,  it  is  the  body  v  ves,  the  Pn's  that  are  quite  variable,  leading 
to  a  great  deal  of  scattering  in  the  body-wave  magnitude  at  this  par¬ 
ticular  single  station,  whereas  the  surface  waves  seem  to  be  more  con¬ 
sistent. 


This  plot  (Figure  6)  shows  the  opposite  thing,  taking  the  mean 
of  all  of  the  individual  surface-wave  magnitudes,  and  plotting  the 
"expected"  surface-wave  magnitude  versus  the  observed  Pn.  This  length 
on  the  plot  would  be  essentially  equivalent  to  one  magnitude  unit,  and 
you  see  there  is  lots  of  scatter.  This  I  attribute  to  the  scatter  in 
the  P  waves  reaching  this  station. 
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Figure  5.  Predicted  P  -Amplitudes  From  Teleseismic  for  Explosions  at  KN-UT 


(  d)  i/r  9Q1  999  O  *  90 A  t  r  f92i9fC99d 


Figure  6.  Predicted  LR  Amplitudes  From  Teleseismic  M  for  Explosions  at  MN-NV 


What  I  conclude  from  these  results  and  similar  ones  for  other 
stations  is  that  the  P  waves,  as  received  at  a  near-m  station,  a.e 

source  regions. 

MR.  CLEMENTS:  You  are  attributing  this  only  to  a  wavelength  effect,  are 
you  not? 

MD  AiFVflNnFR-  Perhaos.  I  don't  know'what  to  attribute  it  to.  I  claim 

ska 

therefore,  to  behavior  right  at  the  source. 

MR.  SMITH:  This  basin  is  how  far  away? 

MR.  ALEXANDER:  I  think  this  one  is  about  500  km. 

MR.  GODFREY:  I  am  a  little  uncertain  as  to  what  is  bdmg  measured  here. 
Is  Pn  the  amplitude  of  the  first  cycle. 

.  1  , 

MR.  ALEXANDER:  No,  the  zero  to  peak. 

MR.  GODFREY:  Oh,  the  first  cycle.  i  . 

MR.  ALEXANDER:  Yes. 

MR.  GODFREY:  And  the  LR  is  the  end  of  the  first  peak? 

MR.  ALEXANDER:  This  Is  peak-to-peak  at  the  20  sec  predominant  period  in. 
the  surface  wave. 

MR.  RODEAN:  Is  that  using  our  data? 

MR.  ALEXANDER:  Yes. 

MR.  RODEAN:  Then  that  is  about  300  km  from  the  test  site. 

MR.  ALEXANDER:  Correct.  I  did  several  of  these  different  stations. 

MR.  COOPER:  Is  the  data  scatter  here  of  the  same  order  as  the  scatter 
that  was  shown  on  Figure  1?  ■ 
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MR.  ALEXANDER:  I  am  sure  that  the  curves  Evernden  plotted  in  the  very 
first  one  were  averages.  If  you  average  the  Pp  amplitudes  over  an  array 
of  stations,  even  though  there  is  large  individual  scatter,  the  means 
turn  out  to  be  much  more  consistent.  The  same  thing  happens  for  the 
earthquakes  too. 

MR.  COOPER:  Is  the  scatter  that  you  are  attributing  to  the  source 
region  consistent  with  the  scatter  that  Evernden  was  suggesting  based 
on  whether  or  not  the  source  is  granite  or  some  other  rock? 

MR.  ALEXANDER:  Remember  what  this  represents  is  the  energy  going  out 
along  a  pencil  ray  taking  off  from  the  source  and  seen  at  one  particu¬ 
lar  distance.  Energy  represented  by  each  point  on  this  graph  went  out 
from  the  source  over  a  very  small  part  of  the  focal  sphere. 

MR.  COOPER:  I  understand,  but  you  have  attempted  in  plotting  all  of 
this  data  to  make  everything  except  the  immediate  source  region  invari¬ 
ant.  You  intentionally  made  it  that  way  to  keep  the  uncertainties  in 
the  path  constant. 

MR.  ALEXANDER:  Right. 

MR.  COOPER:  If  you  were  to  plot  the  data  in  the  same  way  as  Evernden 
to  distinguish  between  granite  and  other  source  region  geologic  materi¬ 
als,  would  similar  trends  result? 

MR.  ALEXANDER:  That  I  have  not  done  yet,  so  I  can't  answer  that 
question,  although  I  think  Carl  Romney  plotted  the  individual  surface- 
wave  magnitudes  as  we  saw  them  before  as  a  function  of  medium.  The 
scatter  for  each  type  of  media  is  about  the  same  as  you  saw  in 
Figure  5.  At  least  for  the  surface  waves  there  did  not  seem  to  be  any 
evident  correlation  between  shot  medium  and  the  surface-wave  magnitude. 

I  believe  you  will  find  the  same  is  going  to  be  true  here,  but  I  can't 
say  that  definitely  right  now. 

MR.  SMITH:  Shelton,  I  think  you  ought  to  point  out  there  are  two 
distinctly  different  things  that  are  operating  in  different  directions 
to  the  scatter.  First  of  all,  the  wavelength  of  the  surface  waves  is 
longer,  therefore  the  scattering  is  less.  Secondly,  the  path  of  propa¬ 
gation  at  a  distance  of  300  km,  the  body  wave  is  going  through  a  much 
more  homogeneous  part  of  the  earth  than  the  surface  wave  is,  which 
would  act  in  the  opposite  direction.  You  would  expect  less  scattering 
from  body -wave  type  propagation. 

MR.  ALEXANDER:  Yes,  that  is  probably  true. 

MR.  SMITH:  The  net  result  is  the  wavelength  seems  in  effect  to  predomi¬ 
nate. 
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MR.  COOPER:  The  point  of  my  question  was  whether  or  not  the  suggested 
data  scatter  is  really  scatter.  If  you  plotted  the  data  according  to 
the  source  region,  would  you  see  the  same  kind  of  trend  that  Evernden 
indicated  in  Figure  1? 

MR.  ALEXANDER:  I  can  answer  that  indirectly,  and  only  qualitatively,  by 
saying  that  when  we  looked  at  the  same  set  of  events  at  another  station 
in  the  basin  range  we  got  scatter  also,  but  the  pattern  of  scattered 
points  was  not  consistent  with  this  case  at  all.  For  that  reason  I 
attribute  it  to  something  other  than  the  shot  medium  itsel f--either  geo¬ 
metry  at  the  source  or  some  such  effect,  which  could  easily  cause  these 
variations  because  they  represent  all  of  the  trapped  P  waves  and  S  con¬ 
versions  in  a  large  range  of  angles  at  the  source.  You  would  expect  any 
variations  with  takeoff  angle  to  get  averaged  out  in  the  surface  waves, 
and  indeed  that  seems  to  be  what  this  little  bit  of  evidence  shows. 

MR.  CHERRY:  Will  you  explain  again  what  you  mean  by  predicted  amplitude? 

MR.  ALEXANDER:  In  effect  it  is  the  same  as  the  average  of  all  the  Pn 
data  for  all  of  the  stations  available.  What  we  are  trying  to  see  is 
how  does  this  particular  station  compare  with  a  mean  which  is  presumed 
to  be  a  better  estimate  of  the  actual  size. 

MR.  TRULIO:  For  all  of  the  points  on  that  last  figure,  the  detecting 
system  was  the  same? 

MR.  ALEXANDER:  Right,  It  is  the  same  station,  same  instruments,  the 
same  path.  Only  the  sources  themselves  are  different. 

MR.  TRULIO:  How  much  scatter  would  you  get  from  just  changes  in  wave 
shape? 

MR.  ALEXANDER:  Very  little,  at  least  for  the  surface  waves. 

MR.  TRULIO:  Do  you  have  the  frequency-response  curves  for  the 
detecting  system? 

MR.  ALEXANDER:  I  don't  have  a  slide  of  them,  but  they  are  available  in 
the  published  shot  reports  for  any  of  the  shots,  and  they  are  all  con¬ 
sistent.  The  spectral  shapes  at  least  are  maintained  to  be  the  same. 

I  think  they  were  changed  one  time  uniformly,  but  they  peak  around  20 
sec  for  the  long-period  system,  and  die  off  at  12  db  per  octave,  I 
believe,  on  either  side  of  that.  Then  the  short-period  instruments 
peak  at  about  1  Hz.  I  forget  what  the  die-offs  are  around  that  peak, 
but  they  are  maintained  at  the  same  shape  for  all  stations.  The  levels 
are  adjusted  depending  on  how  big  the  shot  is  expected  to  be,  so  the 
qains  are  different,  but  the  shapes  of  the  instrument  response  are 
maintained  to  bt-  the  same.  y 

MR.  TRULIO:  The  incoming  waves  will  depend  on  what  the  source  was.  / 
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MR.  ALEXANDER:  Right,  and  what  I  am  maintaining  in  these  latter  figures 
is  that  since  the  receiver  has  the  same  response,  and  the  paths  are  in 
common,  what  is  left  is  the  actual  variation  over  a  range  of  yields  or 
magnitudes,  and  is  a  true  measure  of  the  differences  in  what  is  being 
sent  out  from  the  source. 

MR.  TRULIO:  Yes,  although  they  might  respond  not  just  to  the  amplitudes 
of  the  waves  that  arrive  at  the  detector,  but  to  the  entire  wave  shape. 

MR.  ALEXANDER:  This  is  something  that  may  be  a  factor,  particularly 
for  these  Pn  waves.  I  would  not  necessarily  expect  the  source-time 
functions  for  them  to  be  invariant  with  azimuth  from  the  source  region 
if  there  are  any  kinds  of  homogeneities  in  the  vicinity  of  the  shot 
point.  But  that  is  what  the  close-in  measurements  ought  to  be  able  to 
tell  you,  that  is,  how  asymmetric  are  these  source-time  functions. 

MR.  TRULIO:  You  are  not  thinking  of  the  spatial  shapes  of  the  pulses  as 
much  as  their  time  variation. 

MR.  ALEXANDER:  Yes,  that  would  be  the  same  kind  of  thing.  In  other 
words,  this  should  be  reflected  in  the  variations  you  observe  from  shot 
to  shot  at  a  given  range,  let  us  say.  Suppose  you  had  the  same  size, 
same  yield  event,  and  you  look  at  it  at  a  particular  range,  how  dif¬ 
ferent  are  they  one  from  the  other?  That  would  be  an  analogous  measure¬ 
ment  to  what  we  are  doing  here. 

MR.  CHERRY:  Do  you  have  any  feeling  for  what  that  Rayleigh-wave  arrival 
really  is  at  like  300  km?  Is  it  sensitive  to  a  particular  waveguide,  or 
is  it  really  the  surface  Rayleigh  wave? 

MR.  ALEXANDER:  I  think  it  is  really  the  surface  Rayleigh  wave,  because 
it  has  at  least  the  primary  characteristics  of  one,  in  that  it  has 
elliptical  particle  motion  and  is  dispersed. 

MR.  CHERRY:  The  waveguide  would  give  you  that  also.  Is  it  a  waveguide 
phenomenon  that  you  are  looking  at? 

MR.  ALEXANDER:  Yes.  It  is  a  fundamental  mode  Rayleigh  wave.  It  is  not 
a  higher  mode. 

MR.  HARKRIDER:  It  is  a  combination  of  both. 

MR.  CHERRY:  Is  it  dispersive,  and  has  it  all  of  the  properties  of  a 
waveguide  Rayleigh  wave? 

MR.  HARKRIDER:  It  is  more  like  a  surface  wave,  like  a  nondispersive 
Rayleigh  wave  that  sees  a  different  half  space  for  each  frequency.  It 
is  not  really  a  waveguide  in  which  there  is  trapped  P-SV  conversion. 

The  higher  waves  are  predominantly  trapped  P-SV  conversion.  This  is 
just  sort  of  a  weighted  Rayleigh  wave  which  sees  for  each  frequency  a 
different  half  space. 
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MR.  CHERRY:  But  there  is  an  Airy  phase  associated  with  that  mode  also, 
isn't  there? 

MR.  ALEXANDER:  Typically  over  the  whole  Basin  and  Range,  you  get  a 
nearly  flat  portion  of  the  group  velocity  curve  with  a  true  Airy  phase 
minimum  ’n  the  neighborhood  of  16  to  18  sec. 

MR.  CHERRY:  Is  that  where  you  are  looking? 

MR.  ALEXANDER:  There  is  a  peck  at  about  10-sec  period  and  another  a- 
round  50-sec  period.  What  you  ».'Ould  see  is  a  waveform  developing  from 
these  periods.  Suppose  you  were  a  little  bit  farther  out  in  distance. 
What  you  would  see  first  is  a  40  or  50-sec  wave  if  it  were  well  enough 
excited  by  the  source.  Then  coming  in  on  top  of  it  would  be  a  pulse 
starting  off  at  a  predominant  period  of  10  sec  and  dispersing  just  a  lit¬ 
tle  bit  to  20-sec  period.  At  near  ranges  you  see  predominantly  a  Ray¬ 
leigh  wave  that  starts  out  with  10-sec  period  and  essentially  ends  with 
a  predominant  period  of  16  to  18  sec.  Because  the  dispersion  curve  is 
nearly  flat  in  the  range  10-20  sec,  the  signal  comes  ir  as  a  pulse  all 
over  the  Basin  and  Range.  This  is  the  kind  of  signal  that  is  measured. 

MR.  CHERRY:  And  that  is  looking  at  the  first  35  km  or  so.  Is  at 
dispersion  curve  drawn  for  the  first  35  km? 

MR.  ALEXANDER:  This  would  be  everything  down  to  100  or  150  km,  but 
these  measurements  are  sensitive  primarily  to  the  upper  35  to  40  km. 

Their  propagation  is  controlled  almost  exclusively  by  what  is  going  on 
in  the  upper  40  km,  certainly  the  upper  50.  These  tend  to  be  very  con¬ 
sistent  everywhere,  and  the  wave  shapes  themselves  do  not  change  signi¬ 
ficantly. 

MR.  CHERRY:  That  is  consistent  with  what  we  have  been  finding  at  LRL. 

We  have  recently  undertaken  a  program  to  look  at  the  Rayleigh  waves  at 
Mina.  We  have  sort  of  concentrated  on  just  one  area  of  the  test  site 
initially. 

MR.  ALEXANDER:  Figure  7  is  an  explosion  as  seen  at  Winnemucca,  Nevada, 
which  is  not  quite  500  km,  and  each  point  here  is  10  sec  in  duration. 

You  can  see  from  what  I  was  trying  to  explain  earlier,  the  beginning 
here  is  about  the  order  of  10-sec  predominant  period,  and  this  last  pre¬ 
dominant  period  you  can  see  is  of  the  order  of  15  or  16  sec.  These  wave 
shapes  tend  to  reproduce  themselves  very  closely  from  event  to  event. 

While  I  am  on  this,  I  might  as  well  point  out  one  other  thing 
on  this  figure.  This  is  a  collapse,  observed  at  the  same  receiver.  If 
you  reverse  the  polarity  of  the  collapse  signal  and  overlay  it  with  the 
signal  for  the  explosion,  they  are  virtually  identical,  with  perfect 
scaling.  This  means  that  essentially  the  source-time  function  is  not 
all  that  different  for  the  two. 

MR.  T0KS0Z:  Explosion  versus  implosion  type. 
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Figure  7.  Wave  Patterns  for  Bilby  Explosion  and  Collapse 


MR.  ALEXANDER:  This  is  something  that  has  to  be  explained,  too;  that 
is,  why  do  the  collapses,  at  least  for  the  surface  waves,  look  very 
similar  to  the  Jirect  explosion.  There  is  one  other  thing  I  might  as 
well  discuss  at  this  time.  The  components  all  have  a  common  gain  but 
the  gains  are  quite  different  for  the  explosion  and  collapse.  This  is 

a  0.6  K  gain  here  as  opposed  to  a  5  K  gain  here,  so  there  is  a  factor 

of  ten  difference  in  the  gain.  Here  the  Love  waves  are  clipped,  and  in 
principle  you  should  not  expect  any  Love  waves.  Here  in  the  collapse 
they  are  absent. 

MR.  CHERRY:  Is  that  the  same  gain? 

MR.  ALEXANDER:  It  is  the  same  relative  gain.  Everything  here  has  been 
raised  by  one  order  of  magnitude. 

MR.  CHERRY:  Is  that  the  same  gain  on  the  Love-wave  channel  as  on  the 
Rayleigh-wave  channel  for  these? 

MR.  ALEXANDER:  Yes.  These  gains  are  0.596  and  this  is  0.64.  This  is 

5.38  versus  5.14,  so  the  vertical  and  the  transverse  are  almost  the 

same  gain.  Yet  the  explosion  produces  Love  waves  that  are  clipped  at 
this  gain  level,  and  the  collapse  produces  no  long-period  Love  waves. 

MR.  PERRET:  I  think  I  can  tell  you  something  more  about  relative  signal 
amplitudes  from  the  explosion  and  collapse  in  and  near  the  crater  a 
little  later  on. 


MR.  ALEXANDER:  Okay.  This  behavior  is  the  rule  rather  than  the  ex¬ 
ception.  To  n\y  knowledge  it  always  happens.  The  collapse  produces 
practically  no  20-sec  Love  waves,  whereas  most  NTS  explosions  do. 

MR.  ROTENBERG:  In  principle  there  should  be  no  Love  waves. 

MR.  ALEXANDER:  Right. 

MR.  ROTENBERG:  With  the  explosion.  Can  you  amplify  on  that  a  little 
bit? 


MR.  ALEXANDER:  The  kind  of  shear  waves  that  are  necessary  to  produce 
Love  waves  are  horizontally  polarized  shear  waves. 


MR.  ROTENBERG:  Yes,  but  don't  you  get  mode  conversion? 

MR.  ALEXANDER:  If  you  do,  you  should  get  it  for  the  collapse  as  well 
as  the  explosion,  and  you  don't  see  it.  The  source  points  are 
essentially  geometrically  identical. 


MR.  ROTENBERG:  Of  course,  the  plots  need  not  be  spherical. 

MR.  PERRET:  The  collapse  signal  is  definitely  polarized  vertically  in 
the  earth,  because  in  the  records  we  see  very  strong  vertical  signals 
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within  th.*  subsidence  area  and  very  weak  ones  outside;  horizontal 
signals  are  weak  both  inside  and  outside  the  crater. 

MR.  ALEXANDER:  Neither  of  them  should  give  you  Love  waves. 

MR.  PERRET:  They  are  quite  different  mechanisms. 

MR.  ALEXANDER:  Neither  one  of  them  should  give  you  Love  waves,  that  is 
the  point. 

MR.  CHERRY:  So  what  you  are  saying  is  that  the  Love  waves  in  fact  are 
bigger  than  the  Rayleigh  waves  for  this  particular  shot. 

MR.  ALEXANDER:  Yes. 

MR.  TOKSOZ:  At  this  particular  station. 

MR.  CLEMENTS:  I  remember  reading  recently  that  somebody  was  trying  to 
measure  SH  waves  and  they  were  looking  for  a  good  generator.  They  found 
that  a  varied  explosive  gave  large  SH  waves,  which  it  should  not. 

MR.  ALEXANDER:  This  is  a  matter  of  real  controversy,  and  it  would  be 
very  worthwhile,  at  least  from  my  point  of  view,  and  \  think  probably 
that  of  the  other  seismologists  here,  to  hear  what  the  close-in  calcu¬ 
lations  were  in  fact  predicting  in  terms  of  any  sort  of  SH  waves.  We 
can  present  good  seismological  evidence  that  these  SH  components  here 
are  in  fact  generated  right  at  the  source  and  are  not  converted  along 
the  path.  They  are  generated  very  near  to  the  source  point. 

MR.  SMITH:  What  percentage  of  the  explosions  that  you  have  looked  at 
actually  gave  larger  Love  waves  than  Rayleigh  waves? 

MR.  ALEXANDER:  It  depends  on  the  azimuth.  I  can't  answer  that  cate¬ 
gorically. 

MR.  SMITH:  Typically  they  get  up  as  big  as  the  Rayleigh  waves. 

MR.  ALEXANDER:  Yes,  of  the  same  order  of  magnitude.  It  varies  from  one 
shot  medium  to  another.  I  think  Nafi  has  lots  of  data  on  the  relative 
generation  of  Love  versus  Rayleigh  waves  for  many  different  events. 

MR.  TOKSOZ:  I  will  show  those  later  on,  but  explosions  in  harder  media 
such  as  granite  or  some  of  the  rhyolites  and  some  of  the  tuffs  have  the 
tendency  to  give  much  more  Love  waves  than  the  explosions  in  softer 
media.  Then  you  have  the  explosions  in  salt,  for  example,  where  there 
are  no  Love  waves  associated  with  it.  They  are  below  the  noise  level. 

MR.  ATKINS:  Have  you  observed  the  event  and  the  collapse  that  helped 
discriminate  or  identify  a  specific  event  other  than  our  own  shots,  or 
is  the  collapse  too  small  in  this  order  of  magnitude? 
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MR.  ALEXANDER:  I  think  the  collapse  sizes  vary,  and  I  have  only  a  rough 
idea  about  these.  Is  this  what  you  are  asking,  the  size  of  the  collapse 
versus  the  size  of  the  explosion? 

MR.  ATKINS:  Well,  can  you  see  the  collapse  from  ...? 

MR.  ALEXANDER:  You  can  see  it  particularly  for  the  larger  ones.  You 
can  see  the  collapse  at  teleseismic  distances. 

MR.  ATKINS:  Has  this  been  useful  as  a  discriminating  technique  at  all 
by  associating  the  two? 

MR.  ALEXANDER:  Provided  you  could  see  it,  it  would  be,  because  the 
surface  waves  are  exactly  reversed.  I  think  the  frequencies  involved 
are  quite  different,  too. 

MR.  SMITH:  But  the  answer  to  his  question  is  no,  because  for  those 
events  that  are  big  enough  that  the  collapse  should  be  useful,  other 
techniques  work  very  well. 

MR.  ALEXANDER:  That  is  right.  For  the  ones  I  have  looked  at,  the 
collapse  tends  to  be  from  a  factor  of  three  to  about  ten  smaller  than 
the  accompanying  explosions  surface -wave  amplitude.  The  magnitude  of 
the  collapse  for  surface  waves  would  be  anything  from  one  whole  magni¬ 
tude  unit  to  maybe  half  a  magnitude  unit  smaller  than  the  explosion  that 
precedes  it. 

MR.  GODFREY:  Perhaps  one  comment  to  make  is,  although  the  amplitude  of 
the  surface  wave  is  different,  as  you  point  out,  there  is  a  remarkable 
similarity  in  the  shape. 

MR.  ALEXANDER:  That  is  correct. 

MR.  GODFREY:  One  comment  from  a  calculational  point  of  view  would  be 
then  that  from  the  physics  the  explosion  is  just  a  completely  different 
beast  from  the  collapse.  The  form  of  the  actual  physical  disturbance 
you  are  measuring  may  not  be  very  important.  I  think  to  describe  the 
two  in  a  code  calculation  would  be  just  vastly  different,  and  yet  they 
give  the  same  shape. 

MR.  SMITH:  Well,  no,  their  high-frequency  spectrum  is  entirely  different. 
MR.  ALEXANDER:  That  is  right. 

MR.  SMITH:  Most  of  the  wave  shape  you  see  there  is  controlled  by  the 
instrument,  rather  than  the  source.  That  is  the  low-frequency  lag. 

MR.  ALEXANDER:  What  this  says  is  that  in  the  low-frequency  limit  they 
are  pretty  similar. 

MR.  GODFREY:  Are  you  using  the  same  instruments? 
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MR.  ALEXANDER :  Yes.  The  low-frequency  part  of  the  signal  spectrum  is 
similar  for  both.  The  high-frequency  part  is  demonstrably  different. 

If  you  look  at  the  P  waves,  for  example,  and  other  high-frequency  waves, 
they  are  quite  different.  This  is  a  higher  mode  signal  from  an  ex¬ 
plosion.  It  may  be  difficult  to  see  from  far  away,  but  the  frequencies 
are  quite  high.  For  the  same  portion  of  the  collapse  record  the  signal 
is  considerably  lower  in  frequency.  Thus  there  are  observable  dif¬ 
ferences  between  the  two  at  the  higher  frequencies. 

MR.  COOPER:  This  is  consistent  with  what  you  found  earlier,  too.  These 
surface-wave  data  are  less  scattered. 

MR.  ALEXANDER:  Yes.  I  am  really  leaping  ahead  with  Part  B  of  this 
meeting  when  ve  talk  about  these  surface  waves  and  spectra,  but  I  think 
it  is  true  that  the  spectra  for  Rayleigh  waves  seems  to  be  pretty  inde¬ 
pendent  of  the  size  of  the  event.  As  to  the  shapes  of  the  spectra,  I 
think  in  theoretical  calculations  this  is  reasonable  also. 

MR.,  ROTENBERG:  Do  you  only  see  a  Love  wave  from  an  explosion,  or  just 
in  this  particular  event? 

MR.  ALEXANDER:  It  is  the  rule  rather  than  the  exception.  Do  you  know 
of  any? 

MR.  TOKSOZ:  The  water  shots  do  not  generate  Love  waves.  The  explosions 
in  salt  do  not  generate  Love  waves,  and  some  in  loose  alluvium,  such  as 
Sedan,  for  example,  did  not  generate  any  appreciable  amount  of  Love 
waves.  But  all  of  the  larger  explosions  that  we  have  looked  at  to  some 
extent  have  generated  Love  waves. 

MR.  CHERRY:  And  they  were  as  big  as  the  Rayleigh  waves? 

MR.  TOKSOZ:  No,  no. 

MR.  ALEXANDER:  Well,  they  may  be.  They  may  be  comparable  for  some  NTS 
events. 

MR.  ROTENBERG:  Your  argument  is  saying  there  should  be  no  Love  waves 
because  of  a  left-right  symmetry,  but  *f  there  is  some  asymmetry  in  the 
medium  in  which  you  are  shooting,  you  can  get  them. 

MR.  ALEXANDER:  Providing  the  asymmetry  is  different  from  symmetry  about 
the  Z  axis.  Anything  that  is  symmetric  about  the  Z  axis,  including  a 
point  source,  should  not  produce  Love  waves. 

MR.  CHERRY:  I  think  his  point  is  that  the  puzzle  is  why  you  don't  get 
them  on  collapse.  Is  it  really  the  layering  or  is  it  some  peculiarity 
in  the  source? 

MR.  ALEXANDER:  They  are  essentially  the  same  depth.  You  see,  one  cannot 
use  arguments  about  the  medium  being  responsible  for  all  of  this  through 
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P  to  S  conversion  because  the  explosion  and  collapse  occur  at  the 
same  place. 

MR.  ARCHAMBEAU:  One  of  the  arguments  that  has  been  advanced  to  explain 
the  generation  of  Love  waves  has  been  the  relaxation  of  pre-existing 
stress.  When  you  think  of  what  will  occur  in  a  stressed  medium  upon 
shock  induced  fracturing  due  to  an  explosion  then  you  will  find  that  it 
is  possible  to  produce  Love  waves  of  this  size  and  magnitude.  In  fact, 
Nafi  and  I  have  both  done  studies  on  this  process,  and  it  seems  to  be  a 
good  working  hypothesis  at  the  moment.  We  can  explain  pretty  well  the 
magnitude  of  the  Love  waves  in  that  way.  It  can  also  explain  why  one 
does  not  see  Love  waves  from  a  collapse  nor  from  materials  like  salt, 
where  prestress  levels  must  be  verw  "low. 

MR.  CHERRY:  You  are  saying  it  is  due  to  a  small  earthquake. 

MR.  ARCHAMBEAU:  Well,  something  like  that.  If  you  conceive  of  intro¬ 
ducing  a  bounded  shatter  zone  with  low  strength  (or  rigidity)  into  a 
stressed  medium,  then  the  surrounding  stressed  medium  has  to  adjust  or 
relax,  which  is  accomplished  by  radiation  of  energy.  You  can  do  that 
either  by  shattering  a  roughly  spherical  zone  or  by  inducing  failure 
along  a  pre-existing  weak  zone  of  lower  symmetry.  I  will  show  some 
slides  later  on  this  subject  and  we  can  discuss  some  of  the  details 
then. 

MR.  ALEXANDER:  There  are  all  kinds  of  items  of  evidence  to  indicate 
that,  whatever  the  mechanism,  it  is  associated  with  the  immediate 
vicinity  of  the  source.  I  would  comment  also  that  it  is  not  evident 
in  this  case,  this  particular  event,  but  in  some  cases  the  collapse 
does  seem  to  produce  a  higher  frequency  Rayleigh  wave,  for  example, 
10-sec  Rayleigh  waves. 


BODY-WAVE  MAGNITUDE  VERSUS  YIELD 


Howard  C.  Rodean 
Lawrence  Radiation  Laboratory 


Most  of  what  I  am  going  to  say  is  contained  in  a  paper  that 
is  now  being  prepared  for  submission  to  the  Journal  of  Geophysical 
Research.  I  am  going  to  pose  a  number  of  questions,  and  at  the  most 
propose  perhaps  partial  explanations  for  some  things  that  I  believe  are 
still  'Aizzles  in  this  business. 

With  respect  to  Rudy's  comments  at  the  beginning  (about  the 
need  for  communication  between  the  rock  mechanics  people,  the  code 
calculators,  and  the  seismologists),  I  attended  both  the  June  seismic 
coupling  meeting  here  in  Virginia  and  the  Woods  Hole  meeting  a  few 
weeks  ago.  The  latter  meeting  was  essentially  a  group  of 
seismologists--and  talk  about  two  different  worlds!  I  thought  with  a 
private  grin  that  probably  a  lot  of  the  people  at  the  June  meeting  who 
are  concerned  with  the  details  of  calculating  explosions  and  the  re¬ 
sultant  seismic  sources  would  have  been  aghast  at  the  almost  cavalier 
way  some  of  the  seismologists  talked  about  seismic  source  functions 
with  their  idealized  point  sources  and  couples  ana  so  on  and  so  forth, 
completely  ignoring  all  of  the  hard  work  involving  rock  mechanics,  etc. 
Therefore,  I  think  this  meeting  is  very  timely. 

Figure  8  here  is  a  plot  that  I  made  up  myself.  It  is  un-  . 
classified  as  it  stands.  However,  the  two  dashed  lines  and  the  center 
solid  one  are  also  based  on  a  lot  of  declassified  data.  What  I  have 
plotted  here,  and  also  on  another  (classified)  plot  that!  used  in 
constructing  this,  were  the.  yields  for  all  of  the  shots  for  which  I 
could  also  find  body-wave  magnitudes.  I  selected  the  latest  body- 
wave  magnitude  to  be  published,  and  so  most  of  the  points  on  there, 
as  well  as  on  a  classified  version  of  this,  are  either  the  magnitudes 
done  by  Evernden  or  Basham.  Evernden  mentioned  at  Woods  Hole  that 
Basham  uses  essentially  the  same  method,  so  it  is  quite  legitimate  to 
plot  the  two  kinds  of  points  on  the  one  curve. 

As  wa  see  here,  we  have  the  variations  in  magnitude  of  a 
given  yield  for  shots  in  dry  alluvium,  tuff,  salt,  etc.  We  have  a  few 
events  that  have  rather  high  magnitudes,  like  Lorigshot  and  Milrow. 

Mil  row,  which  was  about  a  megaton,  had  a  magnitude  of  about  6.7  (if  I 
remember  correctly  what  Jack  Evernden  said  at  Woods  Hole).  Perhaps 
this  is  a  regional  effect,  and  if  we  had  the  right  kind  of  regional 
corrections  for  that  particular  part  of  the  world,  maybe  these  points 
would  be  moved  down  to  match  the  main  population. 

One  of  the  principal  points  I  would  like  to  make  is  that  if 
we  talk  about  shots  in  competent  materials,  and  forget  about  the  shots 
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in  locking  solids  like  alluvium,  about  80  percent  of  all  other  snots, 
from  a  population  of  over  5G  shots,  fit  within  this  band,  plus  or 
minus  0.2  of  a  magnitude  unit,  and  the  magnitude-yield  curve  has  a 
slope  of  about  5/6. 

There  is  a  wide  variety  of  rock  types  in  this  band:  e.g., 
the  tuffs,  the  salts,  and  the  granites  (except  Piledriver  is  a  bit 
high).  I  have  two  points  shown  here  for  Gasbuggy.  The  lower  was  the 
original  AFTAC  shot  magnitude.  Basham  calculated  a  higher  magnitude 
for  Gasbuggy. 
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Figure  8.  Body-Wave  Magnitude  Versus  Explosion  Yield  and  Rock  Type. 


So  from  this  point  of  view,  you  could  say  that,  at  least  for 
the  population  of  shots  at  the  Nevada  Test  Site  including  the  Pahute 
Mesa  high-yield  shots,  even  though  you  have  a  wide  variety  of  shot 
materials,  still  a  large  fraction  of  the  population  fits  within  a 
fairly  narrow  band  as  far  as  body-wave  magnitude  is  concerned. 

With  respect  to  labeling  these  points  with  different  rock 
names  that  the  geologists  give  to  the  shot-point  material,  I  believe 
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MR.  RODEAN:  Because  I  am  just  trying  to  get  a  re?sonable  number  for  the 
maximum  stress  that  you  can  put  on  the  cavity.  It  comes  out  of  this 
analysis  for  the  maximum  stress  in  a  cavity,  and  it  is  an  extension  of 
analysis  in  one  of  Latter's  early  papers. 


MR.  ARCHAMBEAU:  Is  it  an  assumed  elastic  medium  or  an  elastic-plastic 
medium? 

MR.  RODEAN:  I  am  just  assuming  it  is  elastic,  but  that  it  is  just  at 
the  verge  of  failure. 

•  j  > 

MR.  ARCHAMBEAU:  But  that  is  the  way  you  define  your  elastic  radius  theh? 

MR.  GODFREY:  I  see.  You  are  just  saying  there  is  an  elastic  zone 
somewhere.  , 

MR.  ARCHAMBEAU:  And  that  it  begins  at  the  point  or  radius  where  you  are 
just  below  the  yield  stress. 

MR.  RINEY:  How  does  this  relate  to  Haskell's  work  where  he  has  a  zone  : 
which  is  assumed  to  have  failed  between  the  cavity  and  the  elastic  zone? 

MR.  RODEAN:  This  analysis  corresponds  to,  shall  we  say,  zero  thickness 
of  the  plastic  zone.  Anyway,  the  reason  I  put  this  thing  in  here  is  to 
suggest  that  perhaps  we  can  get.  a  better  fill-in  on  how  good- this  simple- 
minded  equation  of  mine  is  if  we  could  get  mort*  good  data  for  some  of  the 
other  rock  materials,  both  strength  data  and  shear  modulus  data,  i 

Figure  9  is  a  curve  generated  by  Ted  Cherry,  Hugh  Heard,  and 
others  at  LRL,  and  again  this  is  the  Y  parameter.  Ted  Cherry,  in  his 
most  recent  paper,  has  this  as  Y  over  2,  but  to  be  consistent  with  the 
rest  of  my  work,  I  changed  it  to  Y.  P  is  a  kind  of  mean  confining 
pressure,  and  these  are  the  failure  curves  for  three  different  types  of 
granite:  C— dry,  solid  or  consolidated  samples,  which  are  strongest; 

B— dry,  cracked;  and  A— wet,  cracked. 

i 

The  following  work  was  done  based  on  calculations  by 
Ted  Cherry  after  we  had  been  to  the  Las  Vegas  Plowshare  meeting  last  ■ 
January  which  was  sponsored  by  the  ANS  and  the  AEC.  The  French  sent 
a  sizeable  delegation  to  this  meeting,  and  they  gave  quite  a  few 
excellent  papers  on  the  post-shot  exploration  results  of  their  shots 
in  granite  in  the  Hoggar  Massif  in  the  Sahara.  Their  papers  were  based 
on  the  shot  program  th^t  they  conducted  in  the  Sahara  before  Algeria 
became  an  independent  country.  The  French  had  to  discontinue  their 
Sahara  tests  after  Algerian  independence.  - 
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Figure  9.  Strength  of  Hardhat  Granite 

(ff.  C.  Heard,  private  communication). 


One  of  the  puzzles  appeared  at  this  meeting  when  the  chief 
of  the  French  delegation  mentioned  that  for  comparable  yields  in 
granite  the  cavities  produced  by  their  explosions  were  only  about 
one-fifth  the  volume  of  those  of  U.S.  explosions.  This  was  rather 
startling  to  us,  so  when  we  got  back  home  Ted  Cherry  did  some  calcu¬ 
lations  using  these  three  strength  curves  as  a  basis. 

MR.  RINEY:  What  is  that  cracked  granite? 

MR.;  CHERRY:  It  is  a  piece  of  granite  that  was  initially  intact  and 
subjected  to  a  triaxial  test.  The  strength  was  measured,  and  then  we 
simply  redid  the  experiment  with  the  whole  sample  of  granite  in  its 
cracked  state  in  the  same  container.  Nothing  was  changed. 

MR.  RODEAN:  The  curves  shown  in  Figure  10  are,  shall  we  say,  the  crack¬ 
ing  frequency  as  indicated  by  the  code  which  Ted  used  for  the  A,  B,  and 
C  materials.  A  corresponds  to  the  weak,  cracked  granite  (wet);  B  was 
the  dry  cracked;  and  C  was  the  consolidated  sample. 


I 


100  150 

Distance  —  m 


— r 

ft 

civity 
—  m 


- , - 

cavity  ^overburden  — | 
—  ratio 


1 

2.76 

4.84 


Figure  10.  Number  of  Creeks  Versus  Distance  (5-kt  Granite). 


What  we  are  interested  in  h-re  are  the  calculated  cavity  radii. 
These  calculations  assumed  5-kt  yields.  Radius  A  is  very  close  to  the 
measured  cavity  radius  for  the  Hardhat  explosion  in  Nevada.  As  you  see 
here,  we  got  a  1  to  4.84  ratio  In  final  cavity  pressure  to  the  overburden 
pressure  for  the  strong  granite.  In  the  case  of  Hardhat,  or  what  we  be¬ 
lieve  to  be  a  good  model  of  Hardhat,  we  find  that  the  final  cavity  pres¬ 
sure  turns  out  to  be  essentially  equal  to  the  overburden  pressure.  The 
ratio  of  cavity  volumes  between  samples  A  and  C  is  more  like  four-to- 
one  instead  of  flve-to-one,  but  we  believe  that  this  is  a  good 
plausible  explanation  as  to  why  the  French  results  were  so  different: 
the  French  shots  were  In  intrinsically  a  much  stronger  granite. 

MR.  SMITH:  In  the  previous  figure,  you  showed  that  the  wet  granite 
was  the  weakest,  I  believe. 

MR.  RODEAN:  Yes,  that  is  the  sample  with  the  biggest  cavity,  A,  tht 
wet-cracked  granite,  which  is  most  representative  of  the  Nevada 
experience  with  Hardhat  and  Piledriver,  and  C  is  much  more  like  the 
granite  that  the  French  shot  in  the  Sahara. 


4R.  COOPER:  Why  is  It  C  Instead  of  B? 

4R.  ROOEAN:  It  just  gets  closer  to  the  French  results  of  about  a 
five-to-one  cavity  ratio. 
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MR.  COOPER:  Maybe  I  am  wrong  about  the  Sahara,  but  I  assume  the  rock 
there  Is  jointed,  since  most  rock  Is.  Therefore,  the  difference  would 
be  the  water  content,  so  why  wouldn't,  the  difference  between  A  and  B, 
rather  than  A  and  C,  represent  the  difference  between  NTS  and  Sahara 
granite? 

MR.  BROWN:  Yes,  but  you  can't  assume  that  It  Is  jointed. 

MR.  COOPER:  I  can't  assume  that  It  Is  not. 

MR.  RODEAN:  It  Is  jointed,  with,  I  believe,  about  20  m  between  joints. 

MR.  COOPER:  Yes,  but  what  are  the  wavelengths  of  Interest  in  this 
problem? 

MR.  RODEAN:  I  don't  know. 

MR.  COOPER:  The  size  of  the  joint  has  to  be  related  to  something.  I 

believe  that  the  wavelengths  of  Interest  are  measured  in  hundreds  of 

feet. 

MR.  GODFREY:  What  are  the  sizes  of  the  joints  1r  Nevada? 

MR.  RODEAN:  About  6  In.  Inclcentally,  the  proceedings  of  the  January 
meeting  have  just  been  published,  and  are  available  in  two  bound 
volumes.  They  are  available  from  the  Clearinghouse  and  also  from 
Oak  Ridge.  The  French  papers  are  available  in  English  for  those  who 
are  Interested. 

MR.  RINEY:  What  about  this  result? 

MR.  CHERRY  The  results  of  these  calculations  were  presented  informally 
to  a  number  of  people,  Including  you,  at  LRL.  They  were  presented 
formally  to  the  scientific  community  In  Vienna  at  the  IAEA  meeting  on 
peaceful  applications  of  nuclear  explosives  in  April  1970.  The  reason 
I  did  the  calculations  was  to  show  the  French  at  the  Vienna  meeting 
that  a  possible  explanation  of  their  Sahara  granite  experience,  re*- 
garding  cavity  radius,  chimney  height,  and  extent  of  fracturing,  could 
be  obtained  If  the  strength  of  their  granite  environment  wai  like  our 
unfractured  Hardhat  granite.  I  felt  that  I  accomplished  what  I  set  out 
to  do.  The  French  were  impressed  enough  with  the  calculations  that 
they  requested  and  obtained  the  slides  showing  the  results. 

MR.  RODEAN:  The  curves  shown  In  Figure  11  were  also  calculated  by 
Ted  Cherry.  Curve  C  here  is  the  reduced  displacement  potential  for 
what  we  will  say  is  the  model  of  the  Sahara  granite,  and  curve  A  Is 
the  calculated  result  which,  in  the  final  steady  state,  fits  pretty 
close  to  the  Hardhat  measurement. 
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Figure  11.  Reduced  Displacement  Potential  (5-kt  Granite). 


One  thing  I  would  like  to  mention  Is  that  the  Hardhat 
reduced  displacement  potential  has  the  high  peak  which  indicates  that 
there  is  an  Impulse  component  as  well  as  step-function  component  which 
generated  this  reduced  displacement  potential.  We  can't  seem  to  repro¬ 
duce  this  peak  In  any  of  our  calculations.  If  I  remember  Bill  Perret's 
measurements  correctly-maybe  he  will  have  something  more  to  say  about 
this— the  Gasbuggy  reduced  displacement  potential  had  a  little  bit 
more,  maybe  not  quite  as  high  a  peak  as  this,  but  more  of  a  peak  than 
Ted  Cherry's  corresponding  calculations.  Anyway,  If  we  look  at  the 
computer  calculations  of  explosions  together  with  an  equivalent  system 
of  spherical  cavity  In  a  perfectly  elastic  material,  a  step  function 
In  cavity  pressure  will  give  a  pretty  good  approximation  to  the  computer- 
calculated  reduced  displacement  potential  function  for  an  explosion. 


Here  we  have  the  measured  Hardhat  reduced  displacement  poten¬ 
tial  together  with  a  calculation  (Curve  A)  which  agree  fairly  well  in 
their  final  steady  state  values.  The  French  shot  should  have  a  very 
small,  in  comparison,  reduced  displacement  potential  (about  1/4  that  of 
Hardhat). 

MR.  ALEXANDER:  Do  you  have  any  thoughts  on  what  causes  that  amplitude 
to  peak  there? 

MR.  RODEAN:  One  of  the  confusing  things  is  that  there  was  a  surface  re¬ 
flection  which  came  into  the  instrument  at  about  this  time.  Maybe  Bill 
Perret  will  have  some  things  to  say  about  that. 

MR.  CHERRY:  The  reflection  off  the  free  surface  arrived  even  a  little 
earlier  than  that,  I  think. 

MR.  ALEXANDER:  Your  calculation  was  for  a  shot  in  a  whole  space? 

MR.  CHERRY:  That  is  right.  There  is  no  surface  reflection  in  the  calcu- 
1 ations. 

MR.  RINEY-  That  measured  form  is  sort  of  typical  of  the  earlier  ones 
reported  between  1961  and  1963  at  LRL.  There  they  identify  the 
effective  pulse  as  being  to  the  right  of  that  peak. 

MR.  CHERRY:  To  the  right?  I  thought  It  was  to  the  left. 

MR.  RODEAN:  In  that  vicinity.  That  is  the  Werth-Herbst  paper  (1963). 

MR.  PERRET:  There  Is  a  little  question  about  how  much  effect  any 
reflection  from  the  surface  will  have  on  those  things  since  they  were 
measured  horizontally  at  shot  level  within  a  couple  of  hundred  feet, 
which  was  like  1/4  of  the  distance  to  the  surface.  So  that  reflec¬ 
tion  signals  which  got  In  there  would  probably  be  down  oy  at  least  an 
order  of  magnitude  below  the  peak  of  that. 

MR.  CHERRY:  I  think  it  Is  Interesting  to  point  out  there  just  has  not 
been  anything  I  can  do  to  the  calculations  that  will  reproduce  that 
peak.  It  has  been  a  very  difficult  and  kind  of  disturbing  measure¬ 
ment.  I  just  have  not  been  able  to  correlate  it. 

MR.  RODEAN:  Ted  can  calculate  a  reduced  displacement  potential  that 
corresponds  very  well  to  that  generated  by  a  step  function  in  cavity 
pressure,  but  the  measured  peak  Implies  that  there  Is  an  additional 
impulse  function,  which  as  he  said,  he  can't  seem  to  manipulate  the 
code  to  reproduce. 

MR.  RINEY:  Have  any  parameter  studies  been  made  for  the  peak,  you 
know,  this  iittle  spike  that  goes  out,  where  this  is  buried,  and  how 
this  might  affect  the  reduced  displacement  potential? 
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MR.  RODEAN:  What  it  does  to  the  spectrum  is  just  add  a  little  extra 
amplitude  to  the  vicinity  of  the  dominant  frequency. 

MR.  RINEY:  To  what  part  of  the  spectrum?  To  the  reduced  displacement 
potential? 

MR.  RODEAN:  I  am  talking  about  the  reduced  displacement  potential. 

MR.  GODFREY:  You  can  see  that  peak  had  a  0.3  sec  kind  of  variant. 

MR.  RODEAN:  The  time  derivative  of  the  reduced  displacement  potential -- 
again  this  is  for  a  step  change  in  cavity  pressure  within  a  sphere  in  an 
elastic  space--has  a  spectrum  that  is  approximately  flat  up  to  a  cutoff 
frequency.  The  cutoff  frequency  is  equal  to  two  times  the  shear  wave 
velocity  divided  by  the  elastic  radius.  If  you  plot  the  same  curva  for 
an  ideal  delta-type  impulse  function,  for  cavity  pressure,  you  get  a 
curve  that  peaks  at  the  cutoff  frequency. 

MR.  ARCHAMBEAU:  Could  you  outline  very  quickly  for  me  just  exactly  how 
you  are  doing  this?  I  am  not  quite  sure  what  you  are  doing,  and  I 
would  like  co  know.  Are  you  assuming  a  fluid,  or  what? 

MR.  RODEAN:  No,  this  is  an  ideal  elastic  solid. 

MR.  CHERRY:  The  code  plots  the  displacement  of  a  particle  at  any 
requested  distance  from  the  source. 

MR.  ARCHAMBEAU:  What  are  you  assuming  for  the  rheology  in  the  near¬ 
source  zone?  You  have  a  shock  wave  going  out  being  converted  into  an 
elastic  wave. 

MR.  CHERRY:  Yes. 

MR.  ARCHAMBEAU:  So  you  rre  just  cranking  through  this  thing? 

MR.  CHERRY:  Right. 

MR.  ARCHAMBEAU:  Okay.  What  are  you  assuming  about  the  material  for 
the  shot? 

MR.  CHERRY:  Well,  he  showed  you  the  strength  of  the  material,  and 
we  just  have  the  regular  low  pressure  hydrostatic  compressibility 
measurements  that  we  do  up  to  40  kbar,  and  then  above  that  we  take 
the  Hugoniot  data. 

MR.  RODEAN:  The  reduced  displacement  potential  value  that  we  showed 
was  based  on  the  behavior  out  in  the  regions  where,  according  to  the 
code,  no  inelastic  failure  occurs.  The  material  does  respond 
elastically, 

MR.  ARCHAMBEAU:  Yes,  what  is  that  distance? 
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nAnc01^?!)-  •  h*ue  uthaLhere-  Table  1  is  Lased  on  code  calcula- 

lns-  Tbls  Is  the  Hardhat  measured  cavity  radius  of  19  m.  What 

^lC^1ated  f°r  bis  wet-cracked  model  0f  Nevada  granite  is  20.4  m. 
For  the  dry  cracked,  the  cavity  radius  is  15  m,  and  for  what  we 
believe  is  an  approximation  to  the  French  Sahara  granite  12  3  m 
The  corresponding  final,  steady-state  value  of  the  reduced  displace- 

aboJtP2H)0^ 15 \r«»UMd  f?r  "VS"*  !S  about  2500  m3;  Ted  calculated 
about  2100  m  (Case  A).  For  the  next  type  of  granite  (Case  B)  it 

about  half  that,  and  it  is  600  m3  for,  shall  we  say,  the  French 

experience  (Case  C).  Based  on  the  indications  in  Ted  Cherry's 

problems,  the  elastic  radius  for  Hardhat  appears  to  be  about  365  m 

JhJrh U^cnn55  wns^te"t  with  experiment.  The  measurements  upon' 
which  the  2500  n,  value  is  based  were  made  at  some  distance  greater 
than  this,  if  I  remember  the  numbers  correctly  from  the  Hardhat 

re5°irJc  For  the  other  types  of  9ranite,  we  get  elastic  radii  of  276 
ana  loo  m. 

roHll  .  ..If,we  use  Equation  2  (Table  1 )  for  the  final  steady  state 
reduced  displacement  potential,  it  is  equal  to  an  equivalent  cavity 
pressure,  again  assuming  our  simple  elastic  model,  times  the  cube  of 
the  elastic  radius  divided  by  four  times  the  shear  modulus.  So  using 
this  reduced  displacement  potential,  this  elastic  radius,  and  the 
shear  modules  value,  we  calculate  an  equivalent  cavity  pressure  for 
these  data  based  on  this  equation.  Equation  7  in  this  table  is  based 

?S,?VqUa  T  Pub11shed  by  Yoshiyama  and  another  Japanese  back  in 
1  35  for  the  total  amount  of  radiated  elastic-wave  energy,  assuming 
a  step  change  in  cavity  pressure.  I  calculated  the  radiated  elastic- 
wave  energy  for  these  three  cases,  and  then  the  ratio  of  it  to  5  kt. 

*  ..  u  Ib  ^  interesting  to  note  that  the  quantity  Ew/Ex  =  0.00272 

££*5?  ?-nlthat  this  quantity  for  the  French  Sahara 

CkSe4.^*u^'^^^’  so  radiated  elasticrwave  energy  is 

about  the  same,  even  though  the  cavity  radii,  the  elastic  radii,  and 
the  reduced  displacement  potentials  are  radically  different.  If  we 
accept  this  simple  model,  both  shots  of  comparable  yield  in  Nevada 
granite  and  Sahara  granite  would  radiate  about  the  same  total  amount 
of  elastic*wave  energy. 

Figure  12  is  from  the  SIPRI  report  except  that  I  delptpH 
Longshot,  Gnome,  and  Salmon  from  the  curve  because  they  are  not 
applicable  to  what  we  are  talking  about.  So  these  are  all  oranite 
shots.  Hardhat,  Sahara,  Shoal,  Sahara,  Sahara,  Piledriver,  and 
Sahara.  In  view  of  the  preceding  data  we  wondered  where  these  magni¬ 
tudes  and  yields  for  the  French  shots  came  from.  At  the  Las  Vegas 
meeting  last  January,  the  French  were  very  reticent  about  the  yields  of 
their  shots.  They  just  said  they  had  so  many  shots  greater  than  20 
kt  3nd  so  many  less.  They  normalized  all  of  their  data  to  5  kt,  and 
all  of  their  papers  are  based  on  that  nominal  yield.  But,  if  you 
take  this  figure  at  face  value,  you  find  that  the  magnitude  versus 
yield  curve  for  Nevada  granite  and  Sahara  granite  is  just  about  v.he 
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Body  wave  magnitude 


Figure  12.  Some  Data  on  Explosions  in  Hard  Rock.  Named  explosions 
are  the  U.S.  detonations;  those  labelled  Sahara  are  the 
French  detonations.  No  error  bars  are  placed  on  the 
magnitude  determinations,  but  error  may  be  taken  for 
the  lower  yields  as  *0.3  and  for  the  larger  yields  as 
at  least  *0.1  ( SIPRI ,  1968). 


same.  Yet  we  have  the  evidence  (based  on  what  the  French  say)  that 
their  cavities  (per  Ted  Cherry's  calculations),  the  elastic  radii,  and 
reduced  displacement  potentials  are  radically  different. 

MR.  CHERRY:  The  question  back  here  was  is  the  Sahara  point  their  data, 
and  it  is. 

MR.  RODEAN:  I  am  coming  up  to  that.  When  I  was  at  the  Woods  Hole 
meeting  a  few  weeks  ago,  I  talked  to  Dai  Davies,  who  is  now  at 
Lincoln  Labs,  and  to  Peter  Marshall  from  the  United  Kingdom  Atomic 
Weapons  Research  Establishment.  I  learned  that  the  magnitudes  for 
the  Sahara  shots  as  published  here  were  determined  by  the  French 
based  on  measurements  at  one  station  in  France,  and  that  the  yields 
were  given  to  the  SIPRI  conference  by  a  Frenchman.  So  these  are 
French  magnitudes  based  on  one  station,  and  the  yields  as  released 
by  the  French  on  that  occasion. 

Peter  Marshall  also  told  me  that  he  had  since  taken  these 
French  yields  at  face  value,  but  recalculated  the  magnitudes  based  on 
readings  at  other  stations  in  Europe.  He  had  a  rough  pencil  version 
of  a  magnitude-yield  curve  with  him.  For  example,  he  had' this  Sahara 
point  here  some  distance  below  Piledriver,  so  that  perhaps  much  of  the 
Sahara  data  came  down  somewhat  below,  but  not  on  a  magnitude  scale 
terrifically  below,  the  average  hard-rock  curve.  Remember  on  an 
earlier  figure  I  showed  that  Piledriver  is  somewhat  higher  than  the 
average  for  hard  and  wet  rock.  So  perhaps  these  values  for  magni¬ 
tude,  again  accepting  the  French  yields,  are  somewhat  below  the  U.S. 
experience,  but  not  too  much  below,  especially  if  you  consider  the 
information  which  I  believe  is  on  the  next  figure. 

MR.  ALEXANDER:  I  have  a  question  before  you  go  to  that.  There  seems 
to  be  a  definite  regional  dependence  on  body-wave  magnitude.  For 
example,  NTS  events  tend  to  show  up  systematically  low  in  body-wave 
magnitude.  Has  that  been  taken  into  account  at  all  here? 

i 

MR.  RODEAN:  I  don't  know  the  answer  to  that  question. 

MR.  ALEXANDER:  That  would  force  at  least  about  half  a  magnitude  unit 
difference,  and  low  for  NTS  events  as  opposed  to  the  French.  This  I 
think  is  because  of  the  attenuation  in  the  upper  mantle  of  the  western 
United  States. 

MR.  RODEAN:  All  I  can  say  is  that  Peter  Marshall's  pencilled  version 
of  his  magnitude-yield  curve  showed  that  one  Pi ledriver-1 ike-yield 
French  shot  had  a  magnitude  more  like  Rulison, 

MR.  ALEXANDER:  If  that  were  true,  that  would  lift  up  all  of  the  NTS 
ones  above  the  curve  of  the  other  by  about  half  a  magnitude. 

MR.  RODEAN:  Yes,  but  not  as  much  as  what  Figure  13  leads  up  to. 

This  uses  a  lot  of  Bill  Perret's  data. 
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Figure  13.  Body-Wave  Magnitude  Versus  Final  Value  of  Reduced  Displacement 
Potential. 


MR.  TRULIO:  Howard,  on  the  previous  figure,  are  the  detecting  systems 
there  the  same?  A  great  many  different  locations  and  shots  are  repre¬ 
sented. 

MR.  RODEAN:  The  U.S.  shot  magnitudes  are  probably  based  on  U.S. 
stations.  As  I  said  before,  the  magnitude  data  presented  on  that 
figure  for  the  French  shots  were  based  on  readings  at  one  seismic 
station  in  France.  This  I  learned  by  talking  to  Peter  Marshall. 

Then  he  had  re-done  them  and  gotten  somewhat  lower  magnitudes  using 
the  readings  from  other  stations  in  Europe,  probably  mostly  in  the 
United  Kingdom. 

MR.  BROWN:  He  used  these  same  distance  corrections  that  were  spoken 
of  earlier. 

MR.  RODEAN:  Yes. 

MR.  TRULIO:  Yes,  but  I  am  talking  about  the  group  of  detectors  rather 
than  corrections  for  the  medium. 

MR.  BROWN:  The  instruments  you  assume  are  comparable,  is  that  right? 
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MR.  TRULIO:  Are  they? 

MR.  RODEAN:  I  am  assuming  they  are.  I  don't  know  the  real  answer  to 
that  question,  though. 

MR.  TRULIO:  There  is  an  obvious  related  question.  Suppose  you  made 
seismic  wave  measurements  for  a  variety  of  yields  in  the  same  medium, 
using  the  same  detecting  system  in  each  case.  The  pulses  for  the  larger 
yields  are  spread  out  in  time.  If  you  fold  the  time-scaled  (but  other¬ 
wise  identical)  pulses  for  different  yields  into  the  frequency  response 
curve  for  the  postulated  standard  detector  what  happens  to  the  magnitude- 
yield  curve? 

MR.  RODEAN:  It  bends  over  at  the  higher  yields. 

MR.  TRULIO:  I  mean  the  one  that  you  had  on  the  previous  figure.  How 
does  it  look  if  you  fold  in  the  variation  in  pulse  width  as  the  cube 
root  of  the  yield? 

MR.  RODEAN:  For  the  yield  range  that  we  are  talking  about,  where  we 
went  up  to  only  ?00  kt  at  the  most,  that  effect  is  not  too  noticeable. 

The  curves  bend  over  because  of  the  shift  in  signal  spectra  with  respect 
to  the  response  of  the  instrument  only  when  the  yield  approaches  a  mega¬ 
ton. 

MR.  RINER:  There  are  two  factors,  I  guess,  if  you  take  that  scaling 
law,  and  then  take  the  transform  of  it.  You  get  a  magnitude  ratio  of 
two-thirds  power  coming  in  because  this  is  bending,  and  then  there,  ■is 
also  the  shift  in  the  spectrum,  too.  There  is  also  an  amplitude- 
magnitude  ratio  of  two  thirds  that  come?  in  addition,  if  you  just  assume 
the  simple  scaling  law. 

MR.  TRULIO:  If  you  assume  a  simple  scaling  law,  then  at  corresponding 
distances  with  a  scale  like  the  cube  root  of  the  yield,  you  get  the 
same  pulse  except  it  is  stretched  out  by  the  same  factor  as  the  distance. 

MR.  RINER-  Well,  I  was  trying  to  quantify  that  by  taking  the  Fourier 
transform  and  re-do  that.  That  two  thirds  comes  in  the  transform,  and 
that  gives  you  the  bending  over.  That  is  primarily  the  reason  for  it. 

MR.  ALEXANDER:  The  question  really  then  comes  back  to  the  peak  of  the 
instrument.  The  peak  of  the  instrument  is  in  that  flat  part  of  the 
displacement  curve  up  to  a  pretty  high  yield.  I  think  that  is  what  you 
were  saying,  isn't  it? 

MR.  RINER:  Yes. 

MR.  ALEXANDER:  So  it  does  not  matter  where  that  curve  bends  over  at 
different  places  as  long  as  your  instrument  is  peaking  way  out  at 
around  one  Hz. 
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MR.  RODEAN:  I  have  something  on  that  in  some  of  my  later  figures. 

The  curve  of  Figure  13  is  "cl  ited  to  the  preceding  plot  of 
the  magni tude-versus-yield  for  the  <.c*/ada  and  the  Sahara  granite 
shots.  This  one  shows  body-wave  magnitude,  from  five  on  down  to 
three,  versus  the  final  steady  state  value  of  reduced  displacement 
potential.  Most  of  these  reduced  displacement  potential  data  are  in 
an  as-yet-unpubl ished  report  by  Bill  Perret  on  Gasbuggy,  which  is  the 
point  in  the  upper  right  corner.  Then  we  have  Handcar,  Gnome,  Salmon, 
Hardhat,  Rainier,  and  Fisher.  Fisher,  Rainier,  Hardhat,  and  Gnome 
reduced  displacement  potentials  are  also  given  in  the  four  mediums  in 
the  Werth-Herbst  paper.  Salmon  values  are  given  in  a  report  on  that 
event. 


There  is  one  other  point  in  this  figure  for  Discus  Thrower 
which  is  also  contained  in  Bill's  report.  Interestingly  enough,  I 
think  we  have  reduced  displacement  potential  measurements  for  only 
Merlin  and  one  or  two  other  shots  in  addition  to  those  listed  here. 

The  Merlin  magnitude,  as  far  as  I  know,  has  never  been  computed  by 
the  seismologists,  but  I  think  it  would  be  interesting  to  get  that, 
especially  if  we  can  succeed  in  getting  the  Merlin  yield  declassified. 

The  main  point  of  this  is  that,  with  the  exception  of 
Discus  Thrower,  there  seems  to  be  a  pretty  decent  correlation  between 
these  body-wave  magnitudes  and  the  final ,  steady-state  values  of 
reduced  displacement  potential.  Fisher,  Hardhat,  Gnome,  Handcar, 
Salmon,  and  Gasbuggy  are  very  close  to  or  on  the  curve.  Rainier  is  a 
little  bit  high,  but  as  Carl  Kisslinger  pointed  out  to  us,  the  Rainier 
magnitude  is  one  calculated  a  long  time  ago  by  Carl  Romney.  These 
other  magnitudes  are  by  Jack  Evernden  or  Mr.  Basham.  The  Romney  mag¬ 
nitudes,  according  to  Kisslinger,  were  a  tenth  or  a  few  tenths  higher 
than  those  later  calculated  by  Evernden,  so  if  you  would  assume  the 
same  type  correction  would  apply  to  Rainier,  perhaps  a  corrected 
Rainier  point  would  come  down  closer  to  the  curve. 

The  Discus  Thrower  anomaly  is  readily  explained  because  the 
measurements  upon  which  this  is  based  are  in  the  horizontal  plane 
through  the  shot  point,  in  roughly  the  same  type  of  rock  material, 
and  Discus  Thrower  was  quite  close  to  or  not  too  far  above  a  discon¬ 
tinuity  in  the  geology.  There  was  a  much  harder,  different  type  of 
rock  not  too  far  below  the  shot  point.  Therefore  we  can't  expect  much 
correlation  between  the  distant  seismic  signal  and  the  reduced  dis¬ 
placement  potential. 

If  we  think  back  to  the  French  data  for,  shall  we  say,  a 
5^kt  shot  in  the  Sahara,  we  calculated  that  the  corresponding  final 
value  of  the  reduced  displacement  potential  is  about  600  m3.  If  we 
would  extrapolate  the  curve  in  this  Figure  13  we  would  expect  a  5-kt 
shot  to  have  a  body-wave  magnitude  of  about  three.  That  would  be  a 
much  bigger  shift  downward  than  those  indicated  by  Peter  Marshall  in 
his  corrected  version  of  the  SIPRI  body-wave  magnitudes. 
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MR.  ROTENBERG:  I  just  wonder  how  much  confidence  to  p,ut  in  the  slope 
of  these  straight  lines  that  go  through  a  selected  number  of  points? 

MR.  RODEAN:  I  don't  know.  As  I  pointed  out,  the  numBer  of  shots  for 
which  we  have  both  body-wave  magnitudes  and  also  reduced  displacement 
potential  measurements  is  very,  very  small,  so  this  is  the  only  common 
population  that  I  could  find. 

MR.  ALEXANDER:  Is  this  because  there  are  few  displacement  potentials 
measured? 

,  I 

MR.  RODEAN:  Relatively  few  good  measurements  of  the  reduced  displace¬ 
ment  potential  have  been  made.  Bill  Perret  can  speak  to  most  of  i 
them,  which  he  will  do  later  on. 

MR.  ALEXANDER:  You  could  remeasure  the  body-vyave  magnitudes. 

MR.  RODEAN:  You  are  talking  about  instruments  being  at  the  right 
place  at  the  right  time.  >  . 

MR.  CHERRY:  I  think  it  would  be  a  mistake  to  throw  out  tyie  Gasbuggy 
data.  It  is  probably  some  of  the  best  that  I  have  seen.  The  data 
were  very  consistent  on  Gasbuggy. 

MR.  ALEXANDER:  But  the  body-wave  magnitudes  would  be  biased,  however, 
because  that  is  in  a  different  setting  than  NTS. 

I  !  i  ' 

MR.  CHERRY:  Sure,  because  it  is  alluvium,  and  the  rest  are  sort  of 
rockish. 

MR.  TRULIO:  It  is  also  really  true  that  Discus  Thrower  does  not  belong 
in  this  set  at  all.  It  simply  isn't  a  spherical  shot;  so  it  can't  be 
put  on  the  same  basis  with  the  others. 

MR.  RODEAN:  Yes,  that  is  what  I  have  said. 

i 

MR.  TRULIO:  That  is  right.  If  you  want  to  draw  a  horizontal  line,  you 
might  be  biased  by  Discus  Thrower,  and  it  really  is  not  comparable  to 
the  other  shots. 

I 

MR.  RODEAN:  What  I  have  put  here  is  the  total  population  that  I  know 
of,  shots  that  have  both  a  measured  reduced  displacement  potential  and 
a  determined  body-wave  magnitude.  , 

MR.  CHERRY:  If  you  are  going  to  throw  anything  out,  I  would  throw 
out  Handcar. 

MR.  ALEXANDER:  Handcar  is  in  a  very  layered  geology,  too. 

MR.  PERRET:  Except  that  Handcar  was  down  in  the  hard  rock,  and  the 
others  were  in  soft  rock.  i 
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MR.  RODEAN:  I  think  right  here  we  are  getting  to  one  of  the  key  points 
of  this  whole  meeting.  Here  is  where  we  have  the  very  few  experimental 
links  between  close-in  measurements  and  the  distant  seismic  measure¬ 
ments. 

MR.  PERRET:  Let  us  define  something  about  the  rocks  near  these  shots. 
Fisher  was  in  alluvium  at  about  a  thousand  feet  with  hard  rock  and  the 
water  table  down  another  500  or  so  feet,  maybe  a  thousand  feet. 

Rainier  was  in  tuff  in  the  Rainier  Mesa,  and  it  was,  I  guess,  of  the 
order  of  several  hundred  feet  away  from  any  reasonably  hard  rock. 

Discus  Thrower  was  in  tuff.  It  was  about  100  ft  above  the  paleozoic 
rocks  which  were  dolomite  and  argylite.  Hardhat  was  in  the  granite, 
and  was  not  near  any  kind  of  an  interface  except  a  few  fault  planes. 
Gnome  was  in  layered  salt,  and  there  was  one  continuous  but  thin  con¬ 
ducting  layer  of  polyhalite  near  shot  level.  Handcar  was  several 
hundred  feet  below  the  top  of  the  paleozoic  carbonates,  and  the 
measurements  for  that  were  made  in  the  carbonate  rock.  Salmon  was  in 
a  salt  dome  and  measurements  were  all  made  within  the  salt  dome.  Gas- 
buggy  was  in  the  Lewis  shale,  which  Is  pretty  hard  shale  below  hard 
sandstone.  The  seismic  impedance  contrast  between  those  two  formations 
was  small . 

MR.  BROWN:  Could  you  say  a  little  bit  more  about  this  reduced  dis¬ 
placement  potential  and  how  you  measure  this?  I  am  still  a  little 
confused. 

MR.  PERRET:  I  will  do  that  later. 

MR.  RODEAN:  Are  we  done  with  this?  Anyway,  this  is  all  of  the  data 
of  this  kind  that  is  available.  My  point  here  is  that  if  we  believe 
this  kind  of  slope  here,  and  we  extrapolate  out  to  the  calculated  5-kt 
shot  in  Sahara  granite,  this  would  Imply  a  body-wave  magnitude  of 
three,  whereas  Hardhat  was  almost  4.2.  The  downward  shift  that  Peter 
Marshall  talked  about  with  his  correction  to  the  initially  determined 
French  magnitudes  was  only  a  few  tenths  of  a  magnitude,  not  a  magni¬ 
tude  unit  at  all.  What  I  am  saying  here  is  that  if  you  would  then 
try  to  take  this  curve  and  apply  it  to  the  French  case,  it  just  does 
not  fit. 


To  repeat,  if  we  would  take  Peter  Marshall's  corrections  to 
these  French  magnitudes  and  shift  them  down  (Figure  12),  we  would  not 
shift  them  down  by  anywhere  near  an  order  of  magnitude.  It  would  be 
just  a  few  tenths  of  a  magnitude. 

MR.  ALEXANDER:  They  might  if  you  do  another  thing  as  well,  and  that  is 
to  shift  up  all  the  NTS  ones  by  about  a  half  magnitude  on  account  of  the 
differential -attenuation  bias  in  the  body-wave  magnitudes  for  that  area. 

MR.  CHERRY:  I  think  that  is  a  good  point;  instead  of  shifting  the  French 
data  down,  the  NTS  data  ought  to  be  shifted  up. 
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MR.  RODEAN:  That  is  something  for  the  seismologists  to  argue  about. 
make^ense1^  1S  that  iS  3  bUnCh  °f  data  Wh1ch  does  not  seem  to 


a  u-  u  ,Here  1n  figure  14  are  the  normalized  spectra  for  granite-type 
J*  .w5, !ch  !:\ou^  m°de1  for  the  Nevada  granite,  for  C  the  French  granite, 
and  then  this  is  the  measured  Hardhat  spectrum  as  published  by  Werth 
and  Herbst.  I  normalized  them  to  each  other.  The  frequency  coordi¬ 
nate  1 s  a  normalized  frequency  in  terms  of  what  I  call  the  cutoff  fre¬ 
quency,  twice  the  shear  wave  speed  divided  by  the  elastic  radius. 


1"^®  main  thing  I  wanted  to  point  out  here  for  these 
idealized  spectra  (again  based  on  an  assumed  step  change  in  cavity 
pressure)  is  that  the  crossover  point  between,  shall  we  say,  the 
Nevada  and  Sahara  spectra,  is  at  about  5  cps,  which  is  within  the 
bandwidth  of  the  short-period  Instruments  used  for  measurinq  bodv 
waves.  J 


Then  if  we  do  a  few  mathematical  manipulations  to  these 
curves,  we  get  Figure  15.  This  Is  really  the  energy  spectrum  for  the 
Nevada  granite  and  the  Sahara  granite,  and  if  we  remember  one  of  my 
earlier  tables,  the  total  energy  under  curve  C  Is  not  too  much  less 
than  the  total  energy  under  curve  A.  These  are  the  energy  spectra  as 
determined  experimentally  for  Hardhat  based  on  the  Werth-Herbst  data 
and  also  a  paper  by  Berg  and  Trembly.  The  difference  between  the  two, 
perhaps,  is  just  based  on  my  scaling  off  of  the  small  curves  published 
in  the  journals.  Again,  this  shows  the  crossover  point  between  the 

1S  ab  about  ^  CPS»  Is  within  the  instrument  band¬ 

width.  If  we  assume  cube  root  scaling  for  the  shift  in  this  spectrum 
as  we  would  go  from  5  kt  up  to,  say,  200  kt,  which  seems  to  be  about 
the  largest  yield  for  the  largest  of  the  French  shots,  this  crossover 
frequency  would  shift  down  to  on  the  order  of  1.5  cps,  which  is  st<ll 
in  the  same  bandwidth.  Therefore,  I  am  proposing  that  these 
explosions  even  though  these  shots  are  in  two  types  of  granite  which 
are  so  different  with  respect  to  final  cavity  volume,  /educed  dis¬ 
placement  potential  ,  elastic  radius,  and  so  on — have  approximately  the 
same  total  radiated  seismic-wave  energy,  with  the  spectra  crossover  in 
the  region  of  the  peak  response  of  the  measuring  instruments.  Whether 
this  is  the  real  explanation  or  not,  I  don't  know.  As  I  said,  one  of 
the  main  purposes  of  my  paper  is  to  pose  the  question. 

MR.  ALEXANDER:  If  those  are  teleseismic  measurements ,  I  don't  think 
you  can. 


MR.  RODEAN:  These  are  theoretical  curves. 

?LiEXAND!RV  I4.k[)ow’  but  y°u  are  say1n9  that  C  there  peaks  in  real 
frequency  at  about  5  cps. 

MR.  RODEAN:  Yes. 
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Figure  14.  Fourier  Amplitudes  of  the  Time  Derivatives  of  the  Reduced 
Displacement  Potentials  Based  on  the  Values  of  Elastic 
Radius  and  Step  Change  in  Cavity  Pressure  Equivalent  to 
the  Calculated  Nevada,  A,  and  Sahara,  C,  Explosions  Listed 
in  Table  1.  Measured  Spectrum  of  3x(t)/3t  for  Hardhat 
( Werth  and  Herbet,  1963). 
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Figure  15.  Square  of  the  Fourier  Amplitudes  of  the  Second  Time  Deriva¬ 
tive  of  the  Reduced  Displacement  Potentials  Based  on  the 
Values  of  Elastic  Radius  and  Step  Change  in  Cavity  Pressure 
Equivalent  to  the  Calculated  Nevada,  A,  and  Sahara,  C,  Ex¬ 
plosions  Listed  in  Table  1.  Measured  Hardhat  Energy  Spectrum 
{Werth  and  Herbs  t,  1963;  Trembly  and  Berg ,  1968). 


HR.  ALEXANDER:  It  Is  rare  Indeed  If  you  ever  see  teleseismic  P  waves  at 
that  frequency  range.  You  see  one  cycle  energy.  The  attenuation  is 
enormous  at  5  cps,  and  you  just  don't  see  it  at  teleseismic  distances, 
no  matter  what  the  source.  You  are  peeling  off  that  high  frequency 
energy  too  fast  for  It  to  be  seen  at  large  distances. 

HR.  uODEAN:  There  Is  no  attenuation  in  this  figure. 

HR.  ALEXANDER:  Between  A  and  C  you  should  see  an  enormous  difference 
In  body-wave  magnitude. 

HR.  RODEAN:  But  I  am  saying  that  If  we  believe  the  published  data, 
we  don't. 

HR.  TOKSOZ:  Then  there  is  one  thing  left.  You  would  be  needing 
alternations . 

HR.  CHERRY:  The  Interesting  thing  about  the  calculations,  at  least 
the  ones  I  did,  is  that  the  cavity  radius,  the  chimney  height,  the 
amount  of  fracturing  in  the  French  shots  seem  to  be  explained  by  the 
material  properties  they  encountered.  The  thing  that  Is  a  puzzle  is 
that  the  reduced  displacement  potential  is  so  low.  Well,  it  Is  not 
a  puzzle.  When  I  did  this  I  said,  aha,  we  have  explained  the  French 
data,  and  people  said  no,  you  have  not,  beca  se  their  shots  are 
coupling  as  well  as  our  granite  shots  at  NTS. 

HR.  ROTENBERG:  Ted,  when  you  said  you  varied  everything  In  your 
calculations  to  see  how  they  would  fit  the  French  data,  did  you  vary 
the  rate  of  onset  of  the  pressure  pulse? 

HR.  CHERRY:  No,  I  kept  the  compressibility  the  same.  The  only  thing 
that  varied  was  the  strength. 

HR.  ROTENBERG:  You  did  not  program  the  pressure. 

HR.  CHERRY:  No. 

HR.  ROTENBERG:  If  you  put  that  on  more  slowly  than  a  first  step,  you 
get  more  of  a  pulse. 

HR.  CHERRY:  That  was  done  the  same  in  all  of  them. 
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ClOSE-IN  measurements 


William  /?.  Ferret 
Sandia  Laboratoriee 


Let  me  do  a  little  defining  first.  The  seismologists  talk 
about  close-in  stuff  when  they  are  30  or  40  km  out,  and  where  I  have 
been  making  measurements,  we  call  close  in  anything  inside  several 
hundred  meters.  The  people  who  have  been  making  hydrodynamic  measure¬ 
ments  call  close  In  anything  within  10  or  20  m.  So  bear  in  mind  that 
when  I  say  close  In,  I  am  not  talking  about  away  out  In  the  elastic  or 
the  seismic  region,  and  I  am  not  talking  about  the  hydrodynamic  region. 

The  measurements  we  have  made  are  quite  obviously  divided  two 
ways.  One  of  them  Is  what  we  optimistically  call  free  field,  and  the 
other  surface  measurements.  The  free-fleld  measurements  are  made  In  the 
environmental  rock  and  are  called  free  field  because  you  would  like  it 
to  be  a  simple  homogeneous  rock  with  no  free  surface.  Normally  none  of 
these  things  can  be  realized,  but  If  you  are  lucky  you  may  be  close 
enough  to  the  explosion  in  the  same  rock  that  effects  of  the  free  surface 
or  of  overlying  or  underlying  beds  of  different  materials  arrive  late 
enough  or  are  small  enough  that  the  record  you  are  concerned  with  is  not 
seriously  affected  by  them. 

The  other  problem  that  lies  in  this  area  is  one  of  dynamic 
range  of  the  instruments.  If  you  are  close  enough  In  so  that  you  must 
record  peak  signals  in  the  neighborhood  of  10  to  1,000  g's  at  5  to  10  Hz, 
pretty  obviously  you  can't  see  the  low  frequency  signals  in  the  neighbor¬ 
hood  of  a  tenth  or  a  hundredth  of  a  g.  They  are  down  in  the  noise. 
Consequently,  most  of  our  data  are  limited  In  frequency  range  to  some¬ 
where  between  1  or  2  cycles  and  perhaps  10  or  20.  The  instrumentation 
has  the  capacity  to  record  higher  frequencies,  but  there  is  very  low 
signal  strength  there.  I  don't  think  we  are  very  concerned  about  the 
high  frequencies,  because  they  don't;  get  very  far  through  the  ground. 

With  that  as  an  introduction,  In  Table  2  I  have  put  together 
a  list  of  events  from  which  we  have  free  field  data,  and  from  which  we 
can  determine  reduced  displacement  potentials  or  make  an  energy  ratio 
determination.  There  are  four  of  them  In  alluvium:  Fisher,  Ha>maker , 
Merlin,  and  Faultless.  The  first  two  are  unclassified,  but  I  am  not 
sure  whether  the  yields  have  been  unclassified  in  terms  of  numbers  or 
just  In  terms  of  approximate  sizes— the  system  that  differentiates 
small,  Intermediate,  and  large  yields. 

We  hope  to  get  the  yield  of  Merlin  declassified  in  the  next 
few  months.  The  other  one,  Faultless,  probably  will  never  become 
unclassified. 

Preceding  page  blank 
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Table  2.  List  of  Events  and  Type  of  Data  Available 


ROCK 


EVENT 


OBSERVATIONS 


Alluvium 

Fisher 

Haymaker 

Raccoon 

Aardvark 

7  others  In  Area  3 
Merlin 

Faultless 

Tuff 

Rainier 

Mudpack 

Discus  Thrower 

Agile 

Commodore 

Lanpher 

Cypress 

Clearwater 

Antler 

New  Point 

Pin  Stripe 

Granite 

Hardhat 

Shoal 

Plledrlver 

Salt 

Gnome 

Salmon 

Sterling  (decoupled) 

Volcanlcs 

Half beak 

Greely 

Scotch 

Boxcar 

Handley 

Longshot 

Mllrow 

Sedlmentarles 

Handcar 

Gasbuggy 

Freefleld  &  Surface 

Freefleld  &  Surface 

Surface 

Surface 

Surface 

Freefleld  &  Surface 
Freefleld  &  Surface 

Freefleld  &  Surface 

Freefleld  &  Surface 

Freefleld  &  Surface 

Fret-field  &  Surface 

Fret  field  &  Surface 

Freefleld  &.  Surface 

Freefleld 

Surface 

Surface 

Surface 

Surface 

Freefleld  &  Surface 
Freefleld  &  Surface 
Freefleld  &  Surface 

Freefleld  &  Surface 
Freefleld  &  Surface 
Freefleld 

Surface 

Surface 

Surface 

Freefleld  &  Surface 
Surface 

Freefleld  &  Surface 
Freefleld  &  Surface 

Freefleld  &  Surface 
Freefleld  &  Surface 


In  tuff,  we  have  data  from  Rainier,  Mudpack,  and  Discus 
Thrower,  and  from  Agile,  Coirmodore,  and  Cypress.  The  first  three  have 
unclassified  yields.  The  last  three  do  not. 
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Four  of  those  six  were  fired  in  tuff  in  a  vertical  hole 
n  the  Yucca  Flats  area,  two  in  Area  8,  and  two  in  Area  2.  Rainier  and 
Cypress  were  both  in  Rainier  Mesa  tuff. 

There  are  three  granite  shots:  Hardhat,  Shoal,  and  Piledriver. 
You  have  seen  some  of  tht  information  on  Hardhat  and  some  data  from 
Piledriver. 

Three  shots  were  located  in  salt:  Gnome,  Salmon,  and  Sterling; 
of  course,  Sterling  was  the  decoupled  one  that  was  fired  in  the  Salmon 
cavity. 


There  are  three  that  were  in  rhyolite  or  andesite,  namely. 
Boxcar,  Longshot,  and  Milrow.  Boxcar  was  in  Pahute  Mesa,  and  Longshot 
and  Milrow  were  on  Amchitka. 

There  were  two  that  I  have  called  sedimentaries;  the  first  is 
Handcar,  in  dolomite,  and  the  other  is  Gasbuggy,  which  was  in  Lewis 
shale. 

I  have  also  made  a  list  of  those  events  from  which  we  have 
surface  data.  These  surface  data  range  from  within  50  ft  of  su.  face 
zero  out  to  twice  the  shot  depth  in  most  cases  and  as  far  as  84,000  ft. 

There  are  something  like  19  sets  of  surface  data  from  shots 
that  were  in  alluvium,  including  Fisher,  Merlin,  Haymaker,  and  Aardvark. 
There  are  15  that  were  in  tuff,  most  of  these  in  tuff  below  alluvium 
in  Yucca  Flats.  There  were  two  from  Amchitka,  two  from  salt:  Gnome 
and  Salmon.  Handcar  and  Gasbuggy  were  in  sedimentaries;  Hardhat  and 
Piledriver  in  granite.  Four,  and  possibly  five  sets  of  surface  data 
were  from  Pahute  Mesa,  including  Halfbeak,  Greely,  Scotch,  Boxcar,  and 
Handley  with  a  question  mark  after  the  last  because  of  the  distribution 
of  gages  there. 

This  gives  you  some  idea  of  the  kind  and  distribution  of 
data  that  are  available  from  the  close-in  region. 

In  general,  we  measure  two  things,  acceleration  and  the 
particle  velocity  as  dictated  by  limitations  of  instruments.  We  do 
have  accelerometers  which  serve  our  purpose  very  well  and  which  are 
rugged  enough  to  live  through  any  loading  through  which  cables  can 
survive  to  get  the  signal  out.  We  have  a  velocity  gage  that  will, 
generally  speaking,  go  through  the  same  loading.  However,  the  velocity 
gage  will  stand  a  lot  more  acceleration  than  it  can  accommodate  in 
either  frequency  or  velocity  response. 

We  do  not  have  a  good  displacement  gage.  Part  of  this  is 
due  to  the  fact  that  we  are  trying  to  measure  displacements  of  the  order 
of  feet,  in  a  6-in.  diameter  boring.  We  have  had  some  gages  that  could 
do  this,  but  results  were  not  reliable.  They  used  either  a  segment 
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pendulum  or  a  mass  riding  on  a  splined  shaft  to  drive  a  flywheel,  with 
the  result  that  the  transducer  mass  moved  only  a  fraction  of  an  inch 
in  response  to  a  displacement  of  the  order  of  feet. 


The  trouble  with  our  displacement  gages  was  extreme  sensi¬ 
tivity  to  tilt.  It  is  fairly  obvious  that  when  you  have  a  mass  riding 
on  a  horizontal  shaft  to  respond  to  horizontal  motion,  if  friction  is 
reduced  as  close  to  zero  as  possible,  it  takes  very  few  minutes  of  arc 
of  tilt  to  cause  the  mass  to  run  down  to  an  end  stop  instead  of  staying 
in  the  middle.  The  same  thing  was  trun  of  the  pendulum.  SRI  put  some 
soft  springs  in  their  pendulum  gage  to  control  response  to  tilt  with 
some  degree  of  sucess,  but  in  processing  the  data  it  was  necessary  to 
subtract  the  reaction  of  the  springs  from  the  records. 


MR.  SMITH:  The  same  criticism  is 
records.  They  are  also  sensitive 

MR.  PERRET:  No. 


true  of  the  integrated  accelerometer 
to  tilt  in  exactly  the  same  way. 


MR.  SMITH:  There  is  absolutely  no  way  of  distinguishing  between  tilt 
and  horizontal  acceleration,  without  an  inertial  reference  frame  fixed 
on  the  stars  or  something. 

MR.  PERRET:  This  is  possibly  true,  but  the  difference  is  that  sensi¬ 
tivity  of  an  accelerometer  to  such  tilts  is  usually  down  in  the  noise. 

MR.  SMITH:  Which  brings  up  the  question  of  reliability  of  the  base 


MR.  PERRET:  As  I  said  in  the  beginning,  for  the  long-period  signals 
you  can  t  see  the  signal  because  there  isn't  sufficient  dynamic  range 
in  the  instrument  system  to  record  the  peaks  and  to  resolve  the  lonq- 
period  signals  from  the  noise.  y 

MR.  SMITH:  In  these  various  records  we  see  of  reduced  displacement, 
how  low  in  frequency  do  you  consider  them  reliable? 

MR.  PERRET:  Oh,  probably  one,  possibly  a  half  cycle,  not  much  more. 

MR.  RODEAN:  Bill,  I  got  quizzed  on  this  at  the  Woods  Hole  meeting: 
What  is  the  f'nal  steady-state  value  of  the  reduced  displacement 
potential  as  inferred  from  measurements?  I  indicated  that  very  often 
the  steady-state  value  v/as  at  late  times  so  you  had  to  be  very  careful 
on  how  much  you  believed  the  integrated  measurements.  Could  you  <D*ak 
to  that,  please?  J 

MR.  PERRET:  I  will  get  to  that  later  on.  What  we  have  done,  then,  is 
to  get  our  displacements  by  integrating  either  the  acceleration  or 
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the  velocity-gage  record.  The  velocity-gage  record  is  essentially  an 
internally  integrated  acceleration  record.  The  velocity-gages  we  have 
used  and  found  most  satisfactory  are  grossly  over-damped  pendulums, 
where  the  damping  factor  ranges  from  75  to  200  times  critical.  The 
consequence  of  this  is  that  displacement  of  the  pendulum  gives  about 
99.5  percent  velocity  response,  and  about  0.5  percent  displacement 
response.  We  have  integrated  these  both  digitally,  in  other  words, 
we  have  digitized  the  analogue  records  off  magnetic  tape,  and  we  have 
integrated  them  electronically  before  they  went  on  the  tape.  There 
the  agreement  is  frequently  within  5  percent  on  the  peaks,  and  i;i  the 
longer-period  signals  the  electronically  or  digitally  integrated  data 
from  a  velocity  gage  are  very  similar.  From  the  acceleration  record 
the  doubly  integrated,  displacement  signal  usually  agrees  with  the 
others  at  peak  motion,  but  long  period  or  residual  data  include  numerous 
deviations  from  integrated  velocity-gage  data  as  a  result  of  doubly 
integrated  system  noise. 

One  of  the  biggest  problems  we  have  had  in  data  reduction  is 
location  of  true  signal  zero.  If  you  have  a  record  with  appreciable 
noise  before  the  signal,  the  choice  of  the  real  zero  is  somewhat 
arbitrary  and  the  integration  may  include  a  significant  ramp  in  lonq- 
period  data. 

We  get  around  that  problem  in  part  by  making  the  assumption 
that  since  the  gage  remained  in  the  ground,  relatively  close  to  where 
we  put  it,  out  in  a  velocity  record  beyond  the  principal  signal,  we 
can  arbitrarily  pull  the  record  back  to  zero.  This  can  be  done  with 
velocity  and,  of  course,  with  acceleration,  but  it  can't  be  done  with 
displacement  because  finite  residual  displacements  may  occur  at  fairly 
large  distances  from  an  explosion.  Generally,  the  purely  elastic- 
response  region  is  beyond  really  good  measurements  from  our  gages. 

MR.  SMITH:  The  important  point  is  that  it  appears  as  if  the  reduced 
displacement  potentials  are  crude  enough  or  long  enough  to  cover  the 
period  range  that  is  of  importance  in  the  m^  measurements,  which  is 
1  cps  at  teleseismic  distances. 

MR.  PERRET:  I  don't  want  to  say  that  yet. 

MR.  SMITH:  Well,  that  is  really  an  important  thing. 

MR.  PERRET:  Well,  that  is  what  is  coming  up. 

MR.  ARCHAMBEAU:  That  is  right  on  the  borderline.  You  are  saying  at 
best  he  is  out  to  1  cycle. 

MR.  PERRET:  In  some  cases  this  is  true,  and  in  some  cases  it  is  not. 

MR.  RODEAN:  Is  what  you  have  just  said,  and  let  me  put  it  another 
way,  is  that  you  believe  your  measurements  more  in  the  inelastic  region 
than  farther  out  in  the  elastic  region? 
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MR  PERRET:  Generally  this  is  true.  Let  us  say  the  precision  is 
better  in  Inelastic  regions,  because  we  have  big  enough  signals  for 
our  type  of  instrumentation  there.  This  does  not  say  that  we  don't 
ever  have  a  big  enough  signal  in  the  elastic  region  to  produce  usable 
records,  but  we  don't  have  the  kind  of  precision  that  we  have  closer  in. 


For  displacement  potential  we  do  two  things.  Like  everybody 
else,  we  use  the  displacement  records  and  integrate  them  with  the  usual 
computer  program  for  deriving  potential  from  the  displacement.  We  have 
also  developed  a  circuit  which  does  this  to  an  electronically  integrated 
velocity  record  before  it  is  recorded  on  tape;  again  the  two  results 
agree  fairly  well.  The  real  problem  of  reduced  displacement  potential 
integration  is  that  the  part  out  to  somewhere  past  the  peak  is  pretty 
reHabie,  but  whether  it  drops  off  much  or  only  a  little  depends  stronqly 
on  the  kind  of  correction,  if  any,  made  in  the  velocity  record  to  pull 
it  to  zero. 


MR.  SMITH:  What  time  is  that  line  you  drew? 

MR.  PERRET:  That  depends  on  whether  you  are  working  in  hard  rock  or  in 
alluvium  because  of  the  length  of  the  record.  In  other  words,  in  hard 
rock,  like  granite  or  dolomite,  this  first  maximum  duration  may  be  of 
the  order  of  0.5  sec  or  less.  In  alluvium  it  may  be  2  sec. 

mont  n^nLh?Ve*herV'n  ¥i9^  16  some  records  of  the  reduced  displace¬ 
ment  potentials  from  Discus  Thrower,  Hole  9.  These  are  from  five 

stations  at  different  depths.  The  first,  9A-UR,  was  in  the  tuff  a 
little  above  shot  level;  the  second,  9B-UR,  also  in  the  tuff,  but  about 
50  ft  above  the  interface  with  the  paleozoic.  9D-UR  was  at  the  tuff- 
dolomite  interface.  The  last  two,  9E-UR  and  9F-UR,  were  in  the 
carbonate  and  dolomite  respectively.  The  deepest  was  about  300  ft 
below  the  interface.  The  time  ticks  are  0.5-sec  intervals.  Zero 
time  was  that  of  detonation,  so  the  signal  arrived  at  roughly  0.2 
sec.  Down  in  the  dolomite  the  period  is  much  shorter,  and  other 
signals  come  in  that  probably  are  refracted  or  reflected  motion  from 
the  surface. 


These  illustrate  fairly  well  the  problem  of  reliability  of 
residual  potentials.  J 

MR.  BROWN:  Are  those  from  accelerometers  or  velocity  gages? 

MR.  PERRET:  These  are  radial  vector  records  from  velocity  gages  In 
the  geological  profile,  Figure  17,  there  was  an  alluvium- tuff  interface 
and  a  tuff-paleozoic  interface.  There  was  a  layer  of  argillite  near 
the  top  of  the  paleozoics  in  some  parts  of  the  section,  but  seismic 
impedance  of  the  argillite  was  very  nearly  the  same  as  that  of  the 
carbonates,  the  limestone,  and  dolomite  which  was  below.  The  shot  was 
in  tuff.  This  instrument  hole  was  offset  1600  ft  laterally  from 
surface  zero.  So  you  see  that  by  the  time  a  signal  gets  out  here, 
quite  a  bit  of  refraction  or  reflection  may  have  occurred  and 
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Figure  16.  Reduced  Displacement  Potential,  Resultant  Data, 
Boring  U8a-9  (Discus  Thrower). 
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Figure  17.  Discus  Thrower  Site  Profile 
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disturbed  the  tall  end  of  these  records. 

I  have  here  another  set  of  Discus  Thrower  potential  curves 
from  Hole  12  (Figure  18)  at  about  4460  ft  from  surface  zero.  All  these 
reduced  displacement  potentials  are  from  velocity-gafe  records,  two  In 
tuff,  one  In  carbonate  and  one  in  argillite.  The  peak  amplitudes  in 
here  are  comparable. 


Figure  18.  Reduced  Displacement  Potential,  Resultant  Data,  Boring  U8a-12. 
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late  the  reduced  disphcemen t°poten turfrom1"'0115  interfaces  and  calcu- 

sector, Er,.^  «. 

what  else  you  would  do.  (  at  ls’  but  1  am  not  quite  sure 

la;erCeTeR„V;iroTn™„rtdUCed  P°“"tia,  1=  not  defined  for  a 

MR. i  PERRET:  yes. 


MR.  BROWN: 


Ves,  what  does  it  mean? 


good  example  If’potenJiaVd^u!  and  ttlis  is  not  a 

happens  to  be  the  one  that  I  had  available.  3  ayered  medl'um.  It 

;was  in  a  1 ay^e^environmer^a fs?  ^  Gasbu"y»  unfortunately  this 

Gasbuggy  Figure  19  .  °?ou  can  se°e  they  have  Jffi  V?0city  ~  from 
spike.  These  also  are  radial  w0etAV>  y  have  this  characteristic  hiah 

used  either  in  a  vertical  or  a  horizontal1"?1  gages  must  be 

are  pendulums,  for  horizontal  OM*ntation.  Because  they 

vertical  motion,  the  penSu,  I  H  '™is  .“Prlghi;  ^ 

by  a  spring.  So  for  our  purpose  1?,  *5?  horizontal  position 

ponents  along  the  radial  vect?  h  Ve  taken  the  sum  of  vector  corn- 

shot  which  was  sitecTas  shown h?nrFiJSreV20t°rThneD-fOr'  the  Gasbuggy 
stone  contained  gas,  over^vina  th?!9!^  2°i  ,Tbe  Plctured  Cliff  Sand- 
below  the  sandstone-shale  interface  "l?  e’  and  tbe  shot  was  40  ft 
ft  offset  from  the  shot  w  Ih  M  J  ‘  We  had  an  instrument  hole  1500 

4ioo  ft  in  PictSi#cff#fr,ti15isrs.iH  ?6o° ft  in  Lewis  ^  °t° 

and  3200  ft.  All  of  this  rockahnSe’tk  d  tW°  more  at  dePths  Of  3600 
stratified  with  soft  shales,  thi^  and^hiV?  r°fk  Was  very  highly 
sandstone.  So  the  fact  that  tko^9?  tblck  c°al  measures,  and  hard 
dean  is  remarkable  the  data  reco,'cls  Figure  19  are  so 

in  Figure  2l!TdttheSreducedSdisp-aceTOnt  ni dia?,fceine"t  are  shown 
Figure  22.  aisp.acement  potentials  from  them  in 
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Figure  19.  Radial  Vector  Particle  Velocity  Records  (Gasbuggy). 
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Figure  21.  Radial  Vector  Displacement  Records  (Gasbuggy). 
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MR.  ARCHAMBEAU:  I  still  don't  quite  know  what  you  mean  by  that  reduced 
displacement  potential. 

MR.  PERRET:  Let  me  get  this  out  of  the  book.  The  reduced  displacement 
potential  to  start  with  is  defined  by  6(t)  =  9[<t>  (t)/r]/3r  where  <$(t)  is 
displacement  as  a  function  of  time.  The  digitized  displacement  is  used 
as  input  to  a  computer  program  that  performs  the  integration 

♦(t)  =  cre"ct/r  /tl«(T)  ecT/rdT 
*0 

The  circuit  we  used  is  essentially  an  integration  circuit  in  which 
if  you  make  the  time  constant  c/r  numerically  equal  to  the  RC  of  an 
RC-integrating  circuit,  the  output  is  the  reduced  displacement 
potential.  It  is,  however,  usually  simpler  to  perform  the  computer 
integration. 


MR.  ALEXANDER:  Is  the  "c"  appropriate  there,  the  one  right  at  the 
receiver,  or  is  that  the  whole  thing  along  the  path? 

MR.  PERRET:  That  is  the  one  essentially  at  the  receiver.  Generally 
speaking,  this  value  of  c  is  for  essentially  all  of  the  material  that 
the  signal  has  traversed  because  the  potentials  are  most  reliable 
where  the  travel  path  from  shot  to  measurement  station  is  within  the 
same  material,  and  such  reflections  or  refractions  as  may  enter  the 
record  arrive  late  enough  to  add  only  a  few  small  wiggles  near  the  end 
of  the  potential. 

This  situation  was  fairly  true  for  Gasbuggy  because  the 
impedances  of  Pictured  Cliff  sandstones  and  Lewis  shale  are  nearly 
equal . 

MR.  ALEXANDER:  You  don't  get  any  refractions. 

MR.  PERRET:  You  get  very  small  refraction  signals  in  Gasbuggy  records. 

MR.  ROTENBERG:  What  about  the  contaminant  from  dispersion?  That  is, 
the  wavelengths  you  are  talking  about  are  comparable  to  the  depths  of 
the  layers,  and  therefore  I  would  imagine  that  the  velocity  of  propa¬ 
gation  would  be  frequency  dependent. 

MR.  PERRET:  I  think  these  stations  are  still  too  close  in  to  have 
that  bother  you  much.  In  other  words,  in  most  cases  these  motions  are 
observed  at  distances  which  are  at  least  of  the  order  of  magnitude  of 
the  distance  to  any  interface.  So  although  dispersion  may  affect 
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the  signals  farther  out,  I  doubt  If  it  has  much  effect  on  the  signals 
at  this  distance.  There  is  some  dispersion.  There  obviously  is  because 
the  rise  time  of  the  velocity  increases  as  you  go  out  but  not  very  much 
within  the  distances  we  are  talking  about. 

MR.  ALEXANDER:  Is  that  really  dispersion  or  attenuation?  You  are 
wiping  out  high-frequency  energy. 

MR.  PERRET:  Well,  it  can  be  either  wiping  it  out  or  spreading  it  out. 

I  think  it  is  possibly  some  of  both. 

Th^ese  potentials  from  Gasbuggy  (Figure  22)  except  for  that 
at  U41 ,  were' derived  from  velocity  records.  At  Station  U41  we  lost 
the  horizontal  velocity  gage  preshot  and  used  as  displacement  the 
doubly  integrated  horizontal  acceleration.  These  potentials  run 
around  8,000  m3,  except  for  the  shallowest,  which  is  about  6,000  m3, 
but  the  travel  path  to  it  included  about  10  or  20  percent  of  very 
soft  coal,  and  soft  shale  strata. 

MR.  GODFREY:  Could  someone  comment  on  the  fact  that  Howard  and  Ted 
spoke  of  measured  reduced  displacement  potentials  as  having  character¬ 
istically  this  peak  and  dropping  off  to  some  value  like  half  of  that, 
and  that  this  does  not  seem  to  have  that? 

MR.  PERRET:  These  particular  ones  don't,  except  for  the  U41  potential. 

I  would  not  say  they  generally  decrease  to  half  peak  value,  but  they 
drop  further  than  these  suggest.  This  is  why  I  don't  have  great  faith 
in  numbers  that  seek  to  describe  residual  RDP's. 

MR.  ARCHAMBEAU:  All  that  depends  on  how  far  out  you  go. 

MR.  PERRET:  Yes,  it  depends  on  how  far  out  you  trust  your  record. 

The  peaks  I  think  are  pretty  reliable. 

MR.  ALEXANDER:  Is  there  any  theoretical  basis  for  a  peak  as  opposed 
to  just  an  asymptotic  value? 

MR.  PERRET:  I  think  the  best  definition  of  that  is  the  fact  that  you 
have,  generally  speaking,  accelerations  which  tend  to  have  single 
positive  spikes  and  smaller  negative  ones,  velocities  which  tend  to 
have  single  positive  half  cycles  and  a  longer  negative  one,  and 
consequently  displacements  which  tend  to  peak  broadly  and  reach  a 
residual  value  with  minor  oscillations.  But  if  you  are  at  great 
enough  distances,  displacements  may  come  down  and  oscillate  about  zero. 

MR.  ARCHAMBEAU:  How  do  you  define  your  elastic  zone? 

MR.  PERRET:  I  will  get  to  that  a  little  later  on. 

To  have  real  meaning,  the  reduced  displacement  potential 
must  be  measured  in  the  elastic  zone  and  there  it  should  be  constant. 
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Evidently  from  what  we  have  seen  there  can  be  displacements  which  have 
residual  values  out  in  the  elastic  zone,  although  theory  implies  no 
residuals  should  occur  there. 

MR.  ARCHAMBEAU:  In  the  elastic  zone? 

MR.  PERRET:  Yes,  and  that  is  because  the  measurement  is  really  in  a 
pseudo-elastic  zone,  characteristic  of  natural  rather  than  textbook 
materials. 


If  you  assume  an  explosively  generated  spherical  cavity  In  the 
rock  and  that  no  net  change  In  density  occurs  out  to  the  position  where 
you  measured  displacement,  then  this  displacement  can  represent  a 
spherical  shell,  the  volume  of  which  Is  equal  to  that  of  the  cavity. 

This  calculation  has  been  checked  out  on  four  or  five  different  shots 
and  Is  within  10  or  20  percent  of  the  volume  measured  by  gas-press  ire 
methods  and  by  drilling. 

MR.  ALEXANDER:  That  would  be  the  maximum  you  could  ever  hope  to 
observe,  is  that  right? 

MR.  PERRET:  This  Is  essentially  the  maximum,  yes.  Following  the 
Salmon  shot  a  17.4-m  radius  was  measured  and  calculation  gave  about 
21  m.  Bill  Wells  at  LRL  calculated  how  much  one  would  expect  this 
kind  of  cavity  to  shrink  because  of  the  plasticity  of  the  salt.  The 
result  was  within  10  percent  of  the  measured  value. 

So  how  much  you  can  trust  a  residual  displacement  depends 
partly  on  how  much  doctoring  (zero  correction)  you  have  done  to  your 
data,  and  how  far  from  the  source  a  measure  was  made. 

MR.  CHERRY:  What  does  the  reduced  displacement  potential  look  like 
on  Salmon?  Did  Salmon  have  the  peak  in  it? 

MR.  PERRET:  I  believe  It  did.  Salmon  also  was  an  experiment  where  I 
doubt  that  we  ever  got  to  elastic  response.  Let  me  talk  about  elasticity 

MR.  BROWN:  Before  you  go  Into  that,  did  you  ever  try  to  take  into 
account  bulking  effects  when  you  make  these  kinds  of  calculations, 
looking  at  the  volume  of  the  crater,  and  then  the  final  displacement? 

MR.  PERRET:  No,  we  have  not,  and  part  of  the  reason  we  have  not  done 
this  Is  because  where  they  have  mined  back  Into  cavities,  they  have 
usually  found  only  very  localized  compaction  of  the  rock.  I  believe 
that  is  true.  Isn't  It,  Ted?  I  am  thinking  of  things  like  the  Rainier 
and  Hardhat  reentries. 

MR.  CHERRY:  I  think  there  was  a  real  density  change  on  Hardhat  when 
they  went  back  and  looked  at  the  rock  post  shot. 

MR.  GODFREY:  By  bulking  effect,  you  mean  the  opposite  of  compaction, 
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don't  you,  and  it  will  occupy  more  space  at  the  same  residual  pressure. 

MR.  PERRET :  You  get  that  when  you  have  a  chimney,  I  know;  as  much  as 
anything  because  you  have  already  pushed  the  ground  up.  However,  net 
change  between  the  cavity  and  gage  station  averages  ojt  local  bulkTnq 
and  compaction  near  the  cavity. 

MR.  BROWN:  You  can  take  a  nice  little  intact  specimen  and  go  over 
it  carefully  under  controlled  conditions  and  find  this  bulking. 

MR.  PERRET:  I  am  sure  they  did  this  with  Rainier. 

MR.  RINEY:  I  wonder  if  in  the  LRL  calculations  they  used  Stevens  crush- 
up  data  for  tuff.  There  you  would  expect  to  have  some  permanent  com¬ 
paction.  In  the  code  calculations  did  you  predict  that  the  volume  dis¬ 
placement  out  in  the  elastic  region  ccild  be  accounted  for  there  by  the 
cavity?  Did  you  look  at  that? 

MR.  CHERRY:  I  don't  think  we  have  looked  at  tuff,  but  we  have  looked 
at  alluvium,  and  that  is  a  locking  solid. 

MR.  RINEY:  The  volumes  are  accounted  for  for  that,  so  that  they  do 
recover? 

MR.  CHERRY:  We  match  the  reduced  displacement  with  the  lockinq  solid 
model . 

MR.  TRULIO:  But  the  volume  of  that  cavity  is  not  equal  to  the  volume 
swept  out  by  a  shell  of  alluvium  that  experiences  only  elastic  defor¬ 
mation  as  it  moves. 

MR.  RINEY:  Isn't  that  what  I  understood  you  to  say? 

MR.  CHERRY:  Not  for  alluvium. 

MR.  RINEY:  No,  it  should  not  be,  but  I  understood  that  every  time 
they  go  in  and  look  in  the  tuff  and  alluvium  and  so  forth,  that  is  what 
is  seen. 

MR.  PERRET:  It  was  on  the  Merlin  shot. 

MR.  RINEY:  I  am  just  repeating  what  I  heard. 

MR.  BROWN:  It  seems  strange  you  would  need  to  do  it  for  hard  rock. 

MR.  RINEY:  I  would  not  expect  it  from  a  code  calculation  modeling, 
but  apparently  that  is  what  they  are  saying  they  observed. 

MR.  PERRET:  Another  thing  we  have  done  with  these  data  recently  is  to 
try  to  get  some  measure  of  how  much  energy  gets  out  into  the  elastic 
region.  To  do  this,  we  derive  the  energy  flux  at  the  position  of  the 
gage  from  the  equation, 


72 


Ef  =  pc  /  u(t)2  dt. 

'  o 

This  procedure  has  assumed  elastic  response  because  of  the  assumption 
that  the  kinetic  energy  and  the  potential  energy  are  equal.  The  data 
include  all  of  the  recorded  motion.  This  flux  multiplied  by  4ttRz 
where  R  is  the  distance  from  source  to  gage  is  a  measure  of  the  amount 
of  energy  that  passes  through  that  spherical  shell. 

MR.  JUDD:  Bill,  where  do  you  get  the  values  for  p? 


MR.  FERRET:  Either  from  core  samples  or  *rom  3-D  logs.  We  take  the 
average  p  as  measured  by  the  log  in  the  vicinity  of  the  gage;  ag?,in 
we  are  concerned  with  the  value  of  p  and  c  at  the  gage  because  this 
is  where  the  energy  flux  is  measured.  The  total  energy  which  traverses 
this  spherical  shell  divided  by  the  energy  yield  of  the  explosion  is 
an  index  of  how  much  of  the  source  energy  has  reached  the  observation 
station.  When  this  energy  becomes  constant  with  distance,  the  elastic 
response  region  has  been  reached •  I  tlvnk  this  is  the  best  definition 
of  the  elastic  region. 

On  the  Salmor  event  in  a  salt  dome,  gages  at  shot  level  were 
166,  320,  620,  and  740  m  from  the  explosion.  Energy  at  these  stations 
divided  by  the  yield  gave  us  25,  11,  5.6,  and  3  percent  at  the  respective 
stations.  This  suggests  that  if  response  were  elastic  at  the  most 
remote  station  there  is  no  evidence  to  verify  it,  but  you  may  be 
certain  that  the  rest  of  the  stations  were  not  within  the  elastic  region. 

MR  SMITH:  Of  what  frequency  would  you  be  talking  principally  in  there? 

MR.  PERRET:  I  think  it  is  around  2  or  3  cps,  something  like  this. 


MR.  SMITH:  So  attenuation  is  going  to  be  negligible  over  these  short 
di stances . 

MR.  PERRET:  I  think  so,  yes.  The  edge  of  the  salt  dome  was  at  ^ughly 
twice  this  distance  in  the  direction  of  gage  line;  in  the  other  directions 
it  was  still  farther  away. 


MR.  ALEXANDER:  If  I  remember  correctly,  some  of  the  data  presented 
earlier  had  the  same  kind  of  energy  ratio  calculated.  It  was  around 
0.2  percent. 


MR.  PERRET:  That  is  correct. 


_ _ _  I  will  discuss  that  shortly.  I  have 

derived  this  ratio  for  four  or  five  shots.  This  list  that  I  show  herei 
Table  3,  is  from  a  report  that  is  currently  being  reviewed  before 
publication.  Incidentally,  Figure  23  shows  the  kind  of  curve  that 
you  get  for  this  integral  of  u5.  The  very  slight  slope  at  the  top  of 
the  curve  is  a  measure  of  the  system  noise. 
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Table  3. 

Energy  Ratios 

for  Explosions  in  Various 

Rocks 

Environment 

Event 

Rock  Type 

Porosity 

(%) 

Seismic 
impedance 
(gm/ cm^- sec) 

Depth 

(ft) 

Merl i n 

Dry  alluvium 

30 

3.23  x  10® 

980 

Discus  Thrower 

Dry  tuff 

20 

3.99  x  10® 

1106 

Mudpack 

Dry  tuff 

20 

4.14  x  105 

507 

Handcar 

Dol omi te 

11 

1.52  x  10® 

1320 

Gasbuggy 

Shale 

6 

1.05  x  10® 

4240 

Energy 

ratio 

(%) 

0.10 

0.25 

0.12 

2.01 

1.77 
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MR.  PERRET:  The  total  time  for  this  record  is  3  sec.  The  integral 
has  nearly  reached  its  maximum  in  1  sec.  This  curve  happens  to  be  for 
Discus  Thrower. 

Now,  let  me  discuss  the  values  of  this  ratio  we  found  at 
different  Discus  Thrower  stations.  For  the  f’ve  stations  at  various 
depths  in  tuff  and  alluvium  1600  ft  from  Discus  Thrower,  the  ratios 
are  0.30,  0.32,  0.23,  0.20,  0.14.  The  last  two  were  in  the  under¬ 
lying  dolomite.  The  third  one  was  at  the  tuff-carbonate  interface, 
and  the  first  and  second  in  tuff. 

Now,  if  we  go  to  the  stations  out  at  4400  ft,  the  two  in 
tuff  gave  ratios  of  0.19  and  0.14,  and  the  two  in  dolomite  0.29  and 
0.45.  The  record  from  which  the  last  ratio  was  derived  included  a  lot 
of  trash,  probably  from  late  reflected  arrivals.  I  am  inclined  to 
throw  that  one  out  because  of  the  influence  of  these  late  phases. 

For  shots  in  different  types  of  rock,  the  mean  energy  ratios 
show  for  Merlin  in  alluvium  0.1  percent;  for  Discus  Thrower,  in  dry 
tuff,  it  was  0.25  percent;  for  Mudpack,  in  dry  tuff  and  very  much  the 
same  geometry  and  geology  as  Discus  Thrower,  but  about  one  tenth  of  the 
yield,  the  ratio  was  0.12  percent.  Handcar,  which  was  within  a 
thousand  feet  of  Mudpack,  but  was  detonated  in  dolomite,  the  ratio  was 
2.01  percent  and  for  Gasbuggy,  deep  in  shale,  the  ratio  was  1.77 
percent.  Thus,  in  a  hard  rock,  coupling  of  energy  is  roughly  ten 
times  better  than  in  tuff,  and  twenty  times  greater  than  in  alluvium. 

MR.  ALEXANDER:  This  is  all  independent  of  frequency,  is  that  right? 

MR.  PERRET:  That  is  right.  It  is  from  the  whole  record. 

MR.  ALEXANDER:  As  far  as  the  seismological  record,  what  would 
that  percentage  be  at  around  1  Hz? 

MR.  PERRET:  You  see,  you  are  faced  with  a  record  in  which  perhaps 
95  percent  of  the  energy  arrives  within  1  sec.  These  records  are 
squared  and  integrated  and  beyond  that  first  second  there  is  essentially 
no  signal . 

MR.  ALEXANDER:  Suppose  you  just  band-p  ss  filter  that  so  you  reject 
everything  higher  than,  say,  1.5  cps  and  then  do  the  same  calculation? 

MR.  PERRET:  Then  you  would  have  nearly  nothing. 

MR.  ALEXANDER:  But  you  see  something  at  large  distances  at  those  frequencies. 
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neasjjrSs  M”teleie1smif^SntrthI„do^?e?rSM^cCJ“^1n 

noise?  1n  measurements  the  'onger  period  signal  is  forced  ?nt?1he 
energy?™**  H°W  ™Cb  dyna"!ic  range  wou,d  *°“  "«d  to  recover  one  cycle 

increased"dynamicirange?,Ch  ^  b*  1mp™d  bdt  P™Sai”  M&X 

^thousand  to  *r  *  ^  ^ 

MR,  PERRET:  I  suspect  so. 

MR.  SMITH:  That  is  only  60  db,  and  that  is  attainable. 

HR.  ALEXANDER:  Oh,  yes,  but  it  is  going  to  be  a  lot  less  for  one  cycle. 

thR;  wave™hape.'Cn0W*  bUt  '  ”ia"  d1ss1pation  sP^ds  the  pulse  and  changes 

MR.  PERRET:  Oh,  it  does,  yes. 

MR.  SMITH:  But  it  is  minor. 

MR.  TRULIO:  Even  over  the  distances  of  travel  that  interest  you? 

of  spreading  o^rs’S^LT^^X^!5  Cl°"  *"  beCaUS*  3  ,dt 

MR.  ALEXANDER:  We  are  talking  about,  the  elastic  zone. 

MR.  PERRET:  Yes. 

KC°-1d  1  just  clarify  the  dispersion.  If  we  believe  the 
^  mIh  5ehavin9.s°™what  linearly,  it  does  not  transfer  the  IneVqv 

I™tn9MZK  SJI'UES18'* but  what  u  win  d° is  ; 

MR.  PERRET:  That  is  right.  The  high  frequencies  are  eliminated. 
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MR.  ARCHAMBEAU:  It  will  cause  a  slight  amount  of  dispersion,  but  it 
is  mi  nor  .1 

MR.  RINEY:  We  are  not  concerned  about  the  dispersion.  It  is  just  the 
ampl i tude . 

MR.  TOKSOZ:  But  if  the  medium  behaves  nonlinearly  in  these  ranges, 
then  it  is  possible  to  get  some  energy  in,  but  I  am  sure  it  would  be 
Very  small. 

MR.  CHERRY:  Does  anybody  have  the  capability  in  the  seismological 
field  to  take  a  given  source  function  plus  a  set  of  layering  and 
make  synthetic  Rayleigh-wave  seismograms. 

MR.  HARKR1DER:  Yes.  We  use  transparent  sources,  in  which  the  re¬ 
flected  waves  don't  see  the  source.  We  start  out  with  the  whole-space 
solution  for  a  cavity.  Sometimes  we  also  take  observed  displacements 
at  some  distance,  essentially  in  the  linear  zone,  and  we  us?  that  to 
calibrate  our  outgoing  wave.  The  reason  we  call  them  point  sources 
is  because  they  are  transparent.  Reflected  energy  does  not  bounce  off 
them. 

MR.  CHERRY:  What  sort  of  source  description  do  you  require? 

MR.  ARCHAMBEAU:  What  we  are  sitting  here  waiting  for  is  a  description 
of  what  the  pressure  pulse  looks  like  In  the  elastic  zone. 

MR.  CHERRY:  So  you  want  cne  pressure  pulse. 

MR.  PERRET:  The  velocity  pulse  should  be  the  same. 

MR.  CHERRY:  The  trouble  I  have  is,  what  is  the  appropriate  source 
function  for  a  layered  source  geometry?  It  seems  for  some  of  these 
shots  Bill  could  give  you  almost  anything  you  want,  depending  on 
what  layer  he  chooses  to  look  in.  " — 

MR.  ARCHAMBEAU:  Yes. 

MR.  GODFREY:  Aren't  we  still  in  the  dilemma  that  we  have  no  way  of 
measuring  the  one  cycle? 

MR.  ARCHAMBEAU:  You  have  to  get  signal  definition  out  to  longer 
peri ods . 

MR.  HARKRIDER:  It  might  not  look  all  that  different  from  one  layer 
to  the  next. 

MR.  PERRET:  These  gages  and  the  recording  system  have  a  capability 
of  responding  to  signals  down  to  about  a  tenth  of  a  cycle.  But 
unless  the  initial  signal  is  clipped  and  the  system  can  recover  in 
time,  then  the  gage  sensitivity  can  probably  not  be  increased  suffi¬ 
ciently  to  differentiate  late,  low-frequency  signals  from  noise. 
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We  have  never  tried  this  because  we  have  been  concerned  not  with  the 
sei sinological  problem  out  with  the  gross  close-in  motion.  I  am  quite 
sure  one  can  do  this  sort  of  thing. 

MR.  ALEXANDER:  What  you  predict  here  is  something  like  one  magnitude 
unit  by  these  figures.  We  would  expect  one  magnitude  unit  difference 
from  one  type  of  medium  to  the  next. 

MR.  PERRET:  Yes. 

MR.  ALEXANDER:  And  we  don't  see  that,  I  don't  think.  There  is 
certainly  not  one  magnitude  unit  difference  in  the  magnitudes  when  you 
plot  them  versus  the  medium. 

MR.  PERRET:  This  method  was  used  first  on  the  interpretation  of  the 
close-in  Sterling  data,  and  we  arrived  at  a  decoupling  factor  of  the 
order  of  90  or  100  compared  with  the  Sterling  yield.  In  other  words, 
we  .had  a  reduction  to  0.02  percent,  and  this  is  roughlv  the  factor 
found  from  seismic  records  at  stations  about  100  km  from  Sterling. 

MR.  ARCHAM8EAU:  Those  figures  you  are  listing,  you  are  sure  you  are 
in  the  elastic  zone?  Those  things  could  keep  on  going  down. 

MR.  PERRET:  Yes.  Here  I  quote  the  percentages  found  for  the  four 
asbuggy  stations,  1.52,  1.79,  1.99  plus  a  value  of  3.56  percent  from 
the  station  which  was  essentially  at  shot  level.  This  latter  vali1" 
was  derived  from  an  integrated  acceleration,  all  others  were  from 
volocity-gage  records.  I  don't  have  as  much  faith  in  this  last  one 
as  have  in  the  other  measurements.  The  mean  of  the  first  three  data 
is  1.77  percent. 

MR.  ARCHAMBEAU:  That  average  then  is  the  last  one  out  that  you  measured. 

MR.  PERRET:  That  is  the  only  place  we  have  any  instruments. 

MR.  ARCHAMBEAU:  But  you  did  not  go  to  greater  distances,  so  you  didn't 

know  how  they  changed  with  distance. 

MR.  PERRET:  The  span  of  ranges  here  is  not  very  great,  from  556  to 

468  m.  There  is  maybe  a  slight  indication  that  the  ratio  decreased 

with  range,  but  again  unfortunately  these  are  the  only  stations  we  had 
for  Gasbuggy.  For  Discus  Thrower,  however,  the  ratios  are  derived 
from  data  at  ranges  between  1600  and  4400  ft.  The  average  ratio  is 
derived  over  this  span  of  ranges  and  those  from  4400-ft  stations  were 
a  little  greater  than  from  the  closer  stations. 

MR.  LEWIS:  Are  all  of  the  data  that  you  are  looking  at  here  at  shot 
depth? 

MR.  PERRET:  No.  This  from.  Station  U41,  Gasbuggy,  is  the  only  one  near 
shot  depth.  It  is  about  100  ft  above  shot  depth  but  at  1500  ft 
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^SS£SSSi?gSSS^ 

MR.  LEWIS:  These  shots,  though,  varied  in  depth  over  quite  <-  range. 

moTJudpS  JSi  500bft^andSMerl?nftlfoOO-ft,deep.ThrOWer  ab"U‘ 

other  shoM  SS  E  ye™ competed ‘ana?ys?s. ab0ut  ba"  a  *«» 

MR.  ALEXANDER:  Do  you  get  figures  like  this? 

?n  "alluvium,  tSff^g^ite  la  It  VhJolitI  1  Td  I-rSt  W6re  the  ones 
were  21  shots  for  which  we’had  l-edTntaries*  There 

cases  there  are  only  one  or  two  staHnnc '  r°  thrlS  With>  but  in  some 
instance,  we  could  poSlblJ  f?Sd  St  os  it  data’0for 

and  the  other  is  24  000  ft  i  statl0ns»  at  8,000  ft 

meaning  tha?  we  do  haSe  velocUv  JecnJdP  °S  1  We  can  do  this, 
conclusive  interpretation.  *  S’  the  results  mi9ht  not  permit 

n'm“eAar  a^ftS?  *tK  tXforVT?  15  as  bad  “ 

rlSleVt^slKf^Se!0  Whe"  *  «  CMd 

MR.  ALEXANDER:  Not  only  that,  but  you  have  the  attenuation. 

ES- «  ate  syawsr* 

way  out  in  the  high  frequencies,  and  that  il  where  most  of 

IS,  so  it  does  not  matter  what  that  efficiency  Is  energy 

ps?H.?a=a?s:ia 

SSM  S'SJZ;™  S  tha  nod seCdomi nanoeSwi 1  M)e*nejn  igibie 
MR.  RODEAN:  But  this  is  based,  though,  on  data  for  shots  like  Discus 
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Thrower,  which  Is  about  20  kt,  and  Gasbuggy  is  about  26  kt  if 

«-  -^7^0?  K  SS  ofUtheUy1eldse  tb* 

MR.  PERRET:  It  w.11  stretch  out,  because  the  records  stretch  out. 

ss* ;  as  ’rked 

of  thhetendew"from  ihe^l^n^ally^llt  ™Ch 

region,  if  the  date  derive  from  „ear  the  elasti?  reg?o°. 

MkimCnoM,ittemntV?U  V  look1"9  at  the  whole  record  now.  You  are 
whai  the  geSy  is. *  C*  °Ut  ref,ect1ons  whe"  know 

MR.  PERRET:  No. 

MR.  ARCHAMBEAU:  You  could  perhaps  include  these  numbers, 
reflections  a^a^yll^?'  »"•  that  generally  the 

MR.  ARCHAMBEAU:  If  you  are  attributing  to  reflections  the  kinds  of 

yo,)  are  talking  about,  for  example,  you  had  one  where  you 
said  4  per-not,  you  are  talking  about  pretty  small  things.  Y 

MR.  PERRm;  That  is  right. 

MR.  ALEXANDER:  One  test  of  that  is  the  true  radial.  Do  you  have 
tnree  components  that  you  resolve?  you  have 

MR.  PERRET:  Yes.  These  are  all  for  slant-range  radial  records. 

a^i  £”ireI!toy°U  Sh0U,d  be  ab,e  t0  just  »■*  «twt 

timeARCHAMBEAU:  Get  the  direction  of  the  arrival  *s  a  function  of 

Hardhat."0*  a,*y‘  baVe  ‘hat-  B1K  1  d°"'*  *» 

not  matter!  N°’  because  Hardhat  9a9es  were  at  shot  level,  so  it  did 
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MR.  CHERRY:  They  are  worried  about  the  reflection  from  the  surface. 

MR.  PERRET:  Oh,  yes,  but  there  again  I  don't  think  such  reflections 
were  a  problem.  The  Hardhat  gages  were  at  ranges  something  like 
700  ft  or  less,  and  the  surface  was  900  ft  above  them.  I  think  most 
of  the  signal  had  gone  by  before  reflections  from  the  surface  arrived. 
Perturbations  in  these  records  were  more  likely  from  the  tunnel  floor, 
only  100  ft  above  the  gages.  Although  the  tunnel  is  not  very  big 

compared  to  the  wavelength,  we  might  have  gotten  some  perturbations 
from  it. 

MR.  TRULIO:  In  hard  rock  media  spherical  symmetry  is  lost  pretty  earlv 
anyway.  r  J  J 

MR.  PERRET:  Most  of  the  teleseismic  signal  is  very  different  from  the 
signal  that  we  record  close  in.  The  teleseismic  signal  derives  from 
that  propagated  downward  within  a  small  cone  and  has  generally  been 
refi  d  at  the  Moho  or  deeper.  Hopefully  there  was  not  much  dif- 
frrenv.  initially  between  that  signal  and  the  one  observed  by  our  gages 
close  in,  near  or  above  shot  level.  Concerning  that  component  of  close- 
in,  free-field  radial  records  that  comes  from  surface  reflection  in  the 
direction  of  gage  response,  it  must  be  relatively  small  for  stations 
near  shot  level  except  perhaps  for  the  shear  wave. 

MR.  ARCHAMBEAU:  Actually  that  is  a  minor  correction. 

MR.  PERRET:  Yes. 

MR.  SMITH:  Do  you  have  any  idea  of  how  much  variation  there  is  in 
azimuth  around  the  source,  how  r*uch  asymmetry? 

MR.  PERRET:  We  have  not  found  anybody  with  enough  money  to  let  us 
observe  that  factor.  These  are  expensive  measurements  because  a 
1000-ft  hole  is  expensive.  Such  data  were  taken  on  Shoal  where  three 
holes  at  more  or  less  120  degrees  were  instrumented  at  ranges  of  about 
I9 As  1  reca11’  asymmetry  was  of  the  order  of  a  factor  of  two. 

I  believe  the  low  value  was  on  the  far  side  of  a  fault  zone  10  ft  or 
more  thick  ana  full  of  clay  gouge.  So  it  would  be  very  surprising  if 
asymmetries  like  this  were  not  fairly  common.  Similar  measurements 
and  results  were  obtained  from  Piledriver,  P0R  4000. 

MR.  ALEXANDER:  How  about  the  wave  shape,  though? 

MR.  PERRET:  I  can't  answer  that.  I  didn't  take  the  data  and  I  have 
not  looked  at  it  recently  enough  to  really  remember  it. 

MR.  R0DEAN:  If  I  remember  correctly,  that  is  in  a  report  by 
Wendell  Weart. 

MR.  PERRET:  Yes,  Wendell  Weart  has  a  report  on  that.  It  is  a  Vela 
Uniform  report,  I  think,  VUF-2001 . 
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MR.  LEWIS:  We  have  some  data  on  this  asymmetry  from  nonnuclear  shots. 

MR.  PERRET:  Yes,  I  think  we  have  some  also  from  Piledriver. 

MR.  LEWIS:  From  nonnuclear  shots  we  have  looked  at  near  the  surface, 
there  has  been  a  factor  of  two  in  amplitude,  if  the  wave  was  propagating 
with  the  grain  of  the  rock  versus  perpendicular  to  the  grain  of  the  rock. 
This  is  in  hard  rock. 

MR.  PERRET:  Generally  speaking,  though,  we  have  not  been  able  to  make 
such  measurements  because,  as  I  said,  these  instrument  holes  cost  as 
much  as  $100,000  to  $200,000  anyhow. 


MR.  PERRET:  You  also  get  similar  variations  on  the  surface.  Surface 
measurements  at  distances  equal  to  shot  depth  in  different  directions 
may  give  differences  of  at  least  a  factor  of  two. 

MAJOR  CIRCE0:  It  is  my  understanding  that  as  you  increase  the  scale 
depth  of  burial  down  to  where  the  Gasbuggy  shot  was,  there  is  a 
change  in  the  frequency  that  you  get.  In  other  words,  you  get  an 
increase  in  the  amplitude  of  the  high-frequency  signal.  This  was 
presented  at  the  Plowshare  symposium,  and  I  was  wondering  if  this  was 
taken  into  account  in  looking  at  these  percentages,  whereas  in  Gasbuggy 
it  was  at  1,000  ft  instead  of  4,000  ft  that  we  would  get  a  drastically 
changed  percentage. 

MR.  PERRET:  You  are  talking  about  seismic  data,  I  think.  I  don't 
think  we  see  it  in  free-field  observations. 

.‘AJ0R  CIRCE0:  I  am  not  sure. 

MR.  R0DEAN:  I  think,  if  you  are  talking  abou  iiueiler  from  ERC,  that 
it  is  based  on  the  total  seismic-motion  records  measured  some  kilo¬ 
meters  away.  This  work  is  concerned  with  the  prediction  of  seismic 
damage.  He  has  come  up  with  a  theory  which  says  that  you  do  get  this 
spectral  change  as  a  function  of  shot  depth. 

MAJOR  CIRCE0:  But  looking  at  the  records  of  what  was  predicted,  what 
we  would  expect  at  NTS  as  compared  to  what  we  got  at  Grsbuggy,  there 
was  a  significant  difference  in  the  high  versus  low  frequencies,  and 
it  would  seem  to  me  that  this  would  affect  this. 

MR.  PERRET:  But  it  is  not  in  the  free-field  records. 

MAJOR  CIRCFQ:  Oh,  it  is  not? 

MR.  RODEAN:  As  I  pointed  out  in  ir\y  January  1970,  Las  Vegas,  paper, 
there  is  one  other  theoretical  paper  by  Fuehs  that  (at  least  as  I 
read  it)  seems  to  say  the  opposite  of  Mueller  as  far  as  the  effects  of 
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^f,!pectra  are  concerned.  What  Bill  here  is  talkinq  about  is 
e  free  field,  assuming  that  the  shot  is  in  the  middle  of  aninfim'te 

in^T’if^  What  Mi!el1er  and  others  are  talking  about  is  an  explosion 
in  a  ha  f-space.  Eventually,  in  the  real  world,  seismic  waves  h°t 
either  layers  or  the  free  surface  so  there  is  wave  conversion  This 

d?sta^ceeawSy!CheS  ^  What"0t  int°  the  spectrum  that  observe  some 

dnn'+ERRETi\  1  d0n  t  tbink  tbat  affects  these  free-field  records  I 
-do"  Jreca  1 u3ny  notable  difference  in  the  frequencies.  Gasbuaav 
nd  Discus  Thrower  ought  to  be  good  for  comparison  because  Discus 

de£th6r  a$  Gasbu9^’  but  about  one  fourth  the 

depth.  If  there  is  such  a  difference,  it  is  much  less  than  50  Dercpnt 

in  periods,  and  probably  less  than  10  percent.  It  could  be  theST 
have  not  looked  for  it.  But  if  there,  it  is  small.  ’ 

H -?!e  T  comment  on  the  question  about  data  variation  or 
scatter  in  different  directions.  It  has  been  our  exoeriencp  that 
velocity  and  displacement  data  scatter  in  rock  'pvpn  in  a  i 

dirKCj!0ni  is  cons’derable,  easily  a  fa<!to?$  *o  setter9!?" 
probably  due  to  local  cracks,  joints,  and  in-situ  inh^genei ties 

MR.  PERRET;  Yes,  you  have  a  lot  of  factors  that  affect  thesp  data 
such  as  the  fact  that  the  rock  not  only  is  not  uniform  in  itself  but- 

fprahiv/  ^  ?trata>  *t  include  fault  zones.  It  has  pre- 

ly  oriented  joint  systems,  and  when  you  get  into  materials  like 

MR.  rRASIER:  The  thing  is  that  seismic  signals  are  extremal  fre- 
thatC^pSenS1T’iVf  t0  sourc®  and  receiver  environments.  It  tu  s  out 
a.u"  1 .  y?u  ^00k  at  seismic  d?ta  for  high  frequencies,  above  ^  2  Hz 
*r?mend0US  "ariati&n  *rm  Site  to  site  for  a  given  event 

aDDparc^  tb?  data*  mucb  of  this  variation  dis- 

ppears.  So  a  crucial  objective  is  to  try  and  predict  what  seismir 

signals  in  the  pass  band  0.5  to  2.0  Hz  get  in^o  the  elasM^  zine. 

MR,  ARCHAMBEAU;  It  would  be  verv  useful  tn  mc  t-n  lnnir  a*- 

because  that  is  how  we  are  thinking.  We  have  tj°dj  e  ou?  erlSalTis 

showing^us^  a"  ,"H"*  th*  time-dLV^'vV&f15 


MR. 

or 


JiERRY:  We  have  kind  of  a  different  point  of  view,  I  think 

thatMni!8  W°uld  1?ke  t0  be  able  to  design  an  experiment 

p^rthn0  bS  llk5  f,n  ®arth9uake,  design  a  shot  that  looks  like  an 

I  am  glgCbelii  {0*"*°“  Pe°P'e  '  don’t  think 
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So  s“  thTa?Vld1arie9shta  S‘“  between 

MR.  ARCHAMBEAU:  You  alreacjy  get  shear  energy,  of  course. 

MR.  PERRET:  Not  from  the  shot  itself. 

MR.  CHERRY:  I  don't  want  to  get  converted  shear  energy. 

MR.  ARCHAMBEAU:  That  is  not  what  I  was  showing  you  there. 

SavinoSet'al SsuuVoTjht,  ^  *  *>»■'. 
measurements.  They  mention  one  eveiJt  Jhf  2f  Jf  n, new  lon9-period 
I  don't  know  the  configuration,  but  I  *underst!Si%h ,enton"Tlmtle  event- 
holes  some  distance  apart  which  they  were  1n  separate 

of  the  other  explosions  as  fai  llke  an  earth9uake  than  any 

ratio  w  thin  th?  1  ^%1tbrrw^^neco^e^eCdr: ^ 3  ^  Spectral 

MR.  ROTENBERG:  What  about  the  phase? 

MR.  RODEAN:  I  am  just  reporting  what  they  said. 

MR.  HAP.KRIDER:  Did  they  set  them  off  at  the  same  time? 

MR.  RODEAN:  Tney  were  simultaneous. 

SiT 5H* 

stations  above  and  below  shot  levp?  In  Jhe  records  from 

horizontal  and  vert?c  1  rlcoJd  "J/coI  e  P  SetTf  botb 

totte  floJ?ethaSti?  was ‘to  v-6"’  tba  'h»‘°««°closer 

of  the  shock-developed  crackflnThc  Vo^ne  L"'  I\ad<Htl0n'  all 

with  .,t  and  recrystalizet5 and"  a‘?f  o^o?!  l^hT^l^e^ 


5,  £"igha15?nf‘Longnpe'rSj0si?snLn"  W£Stern  North  America  Recorded  by 

p.  1268-1273  (27  Sec  1969)  9  aPhS’  V-  224,  * 
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Figure  24.  Compressive  and  Shear  Wave  Records  in  Sterling  Experiment  Profile. 


still  open,  so  there  was  a  distinct  vertical  asymmetry  in  the  environment 
of  the  Sterling  shot. 

MR.  ALEXANDER:  I  think  in  regard  to  that  question,  spoofing  is  a 
whole  process  in  itself.  Presumably,  with  enough  fiddling  around  with 
the  geometry,  you  can  spoof  many  of  these  criteria  for  this.  The  one 
you  can't  spoof  would  be  the  SH  component  of  energy,  the  horizontal 
polarized  wave.  It  is  not  produced  by  any  of  the  shots  to  begin  with, 
and  setting  off  a  lot  of  them  is  not  going  to  produce  SH  energy. 

MR.  CHERRY:  Is  that  what  you  are  using  for  discrimination? 

MR.  ALEXANDER:  We  are  using  an  array  of  different  criteria.  Ms-mb 
is  one.  That  one  you  can  spoof.  You  also  have  the  radiation  pattern 
to  simulate.  I  have  not  talked  about  anything  but  point  sources.  If 
you  have  a  double-couple  type  source,  you  get  a  radiation  pattern  both 
from  the  P  waves  and  the  surface  waves.  The  surface  waves  exhibit 
frequency-dependent  radiation  as  well.  You  have  to  account  for  all  of 
those  things  when  you  simulate  an  explosion.  You  can  spoof  any  one  of 
them,  but  to  spoof  them  all  at  once  is  going  to  be  tough.  Maybe  it  can 
be  done. 

MR.  ARCHAMBEAU:  It's  probably  not  easy  to  do. 

MR.  PERRET:  One  more  item  mentioned  this  morning  which  I  did  not 
discuss  might  be  germane  here.  This  is  comparison  of  the  surface 
motion  above  a  shot  at  the  time  of  detonation  with  that  at  the  time  of 
cavity  collapse. 

Above. a  shot  in  almost  any  material,  the  acceleration  record 
looks  like  the  upper  one  in  Figure  25.  The  period  of  -1  g  represents 
the  development  of  a  spall  opening  below  the  surface.  It  is  the  bal¬ 
listic  or  free-fall  period  and  is  terminated  by  a  positive  spike  when 
the  spall  closes.  It  probably  has  some  influence  on  surface  waves, 
but  I  don't  presently  know  what.  It  is  given  here  so  that  you  may 
compare  it  with  the  collapse  signal,  to  be  shown  later. 

The  particle-velocity  record  below  the  acceleration  in 
Figure  25  looks  generally  like  a  capital  N.  These  positive  and  nega¬ 
tive  peaks  are  nearly  equal.  Sometimes  the  negative  one  may  be  the 
greater  by  as  much  as  50  percent,  but  generally  they  are  about  equal. 

MR.  ALEXANDER:  What  is  that  time  interval? 

MR.  PERRET:  It  depends  on  a  number  of  things,  such  as  the  kind  of 
material  near  the  surface,  the  kind  of  rock  at  the  shot  point.  The 
impact  spike  has  no  relationship  to  the  yield  but  depends  on  how  fast 
the  spalled  mass  stops  at  impact.  Does  it  meet  something  coming  up, 
at  rest,  or  going  down?  Was  the  impacc  at  a  broken  hxk  surface,  in 
soft  alluvium,  or  a  hard  rock  surface?  The  duration  may  range  from 


Figure  25.  Surface  Zero  Motion,  Rainier  Event. 


about  0.1  sec  to,  on  some  of  the  big  shots,  1.5  sec  or  more.  So  on  the 
big  ones  it  could  well  influence  the  one  cycle  or  half  cycle  signals. 

This  leads  us  to  the  kind  of  signal  you  get  when  the  cavity 
collapses  and  the  surface  subsides.  We  have  made  measurements  of  this 
event  on  several  shots.  In  most  cases  it  was  fortuitous.  The  collapse 
occurred  before  our  recorders  ran  out  of  tape.  In  a  few  cases,  we  have 
run  recorders  for  9  or  12  hr  to  record  these  signals,  and  in  some  the 
collapse  occured  the  next  day. 

In  general,  the  acceleration,  velocity,  and  displacement  look 
like  that  in  Figure  26.  We  have  reasonable  faith  in  these,  because  on 
the  Racoon  shot  where  recorded  displacement  was  23  ft,  the  contour  maps 
made  from  the  aerial  photographs  flown  2  hr  after  the  shot  show  27  ft; 
results  were  similar  in  the  Merlin  collapse  data. 
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Figure  ,26.  Raccoon  Collapse  Records. 
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On  the  Merlin  shot,  we  had  a  series  of  gages  from  surface 
zero  out  to  about  2500  ft.  Three  of  the  stations  were  inside  the 
collapse  area.  The  rest  of  them  were  beyond  it.  The  peak  impact 
acceleration  near  surface  zero  was  about  80  g's,  and  the  maximum  we 
have  ever  seen  from  collapse  was  about  130  g's.  The  maximum  negative 
or  downward  velocity  which  occurred  at  the  time  of  impact  was  40  fps. 
Near  the  edge  of  the  subsidence,  peak  acceleration  was  about  12  g's. 
Out  beyond  the  edge,  all  stations  recorded  about  0.5  g.  Horizontal 
accelerations  we(e  appreciably  less  than  0.5  g. 

The  horizontal  motions  in  subsidence  areas  were  generally 
inward  and  small.  The  pertinent  thing  to  this  meeting  is  that  motion 
is  very  strongly  polarized  in  a  vertical  direction.  The  other  thing 
that  is  pertinent  from  these  Merlin  collapse  data  is  the  sequence  of 
initial  collapse  motion  on  gages  in  the  vertical  array  above  the 
explosion.  The  deepest  station  was  at  about  half  shot  depth,  and  the 
start  of  downward  motion  there  was  2  sec  earlier  than  at  the  surface. 
The  start  of  motion  at  the  other  stations  was  sequential  during  this 
2-sec  oeriod,  suggesting  that  this  whole  500-ft  high  block,  at  least 
a  half  shot  depth,  dropped  essentially  as  a  body . 

Initial  collapse  signals  occurred  between  1155  sec  at  half 
shot  depth  and  1157  sec  at  the  surface  after  detonation. 

MAJOR  CIRCE0:  Bill,  if  the  subsidence  occurred  due  to  just  the  force 
of  gravity,  how  do  you  get  such  a  high  g  pulse,  80  g's? 

MR.  PERRET:  That  is  the  value  of  the  impact  peak.  It  drops  at  -1  g, 
and  Is  stopped  by  impact  with  an  upward  acceleration  spike  of  80  g. 

The  duration  of  this  spike  is  about  10  to  15  ms.  It  defines  the  rate 
at  which  the  downward  motion  was  stopped. 

MAJOR  CIRCE0:  So  in  fact  the  0.5  g  is  possibly  just  a  surface  spall. 

MRv  PERRET:  No,  there  is  no  spall.  I  think  that  0.5  g  signal  is 
actually  a  transmitted  signal  from  the  impact  up  through  loose  soil. 

MR,  ALEXANDER:  The  whole  phenomenon  is  over  in  how  much  time?  Has 
anyone  measured  that? 

MR  PERRET:  A  couple  of  seconds.  The  duration  in  the  subsidence  area 
is  about  2  sec,  and  outside  it  the  duration  is  about  0.3  sec.  I  think 
this  has  pertinence  to  the  teleseismic  signals  of  the  collapse. 

COL.  RUSSELL:  Thank  you  very  much.  Bill. 

For  the  next  portion  of  the  conference,  Shelton  Alexander 
is  going  to  talk  about  essentially  questions  2-b  and  6,  which  are 
concerned  with  the  spectral  propagation  of  our  seismic  signal 
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SPECTRAL  PROPAGATION  OF  SEISMIC  SIGNAL 


Shelton  Alexander 
Pennsylvania  State  University 


What  I  will  speak  to  here  very  briefly,  is  the  Rayleigh-wave 
spectrum  as  seen  for  several  NTS  shots,  and  for  Mil  row  and  Longshot. 

In  the  very  beginning  I  will  summarize  the  conclusion.  If  you  keep  the 
receiver  and  path  pretty  much  fixed  over  quite  a  large  range  in  yield, 

I  can't  really  say  about  the  medium  completely  definitely,  but  it 
appears  that  the  spectral  shapes  are  pretty  much  invariant  with  these 
parameters.  The  transmission  path,  however,  does  have  a  very  significant 
shaping  effect.  Even  if  you  might  look,  say,  within  the  Basin  and  Range 
in  different  directions  away  from  NTS,  and  shot  after  shot  will  appear 
to  have  a  similar  shaped  spectrum,  it  will  not  necessarily  be  the  same 
shape  at  one  azimuth  as  another.  I  believe  this  is  primarily  due  to 
transmission. 

Let  me  just  run  through  a  few  of  these  figures  very  quickly. 
Look  at  the  top  curve  of  Figure  27.  This  is  a  set  of  NTS  shots.  The 
ones  you  will  see  on  subsequent  figures  are  for  various  stations.  This 
is  station  BMO.  This  scale  goes  from  about  10  sec  to  50  sec.  The  mag¬ 
nitudes  are  listed.  You  may  not  be  able  to  identify  the  symbols.  The 
one  event  that  shows  a  big  excursion  here  is  suffering  from  signal-to- 
noise  problems.  What  was  done  here  was  to  take  a  given  signal  velocity 
window  at  this  particular  station,  that  is  the  same  for  all  events. 

Notice  all  of  the  distances  are  very  close  to  one  another,  about  868  to 
87C  km,  so  the  paths,  distances,  etc,  to  this  station  are  nearly  in¬ 
variant,  and  the  shapes  are  too.  I  do  not  think  you  can  really  trust 
the  data  out  here  around  50  sec  for  many  of  these.  Overall,  the  shapes 
tend  to  be  very  consistent.  These  have  been  normalized  just  to  illus¬ 
trate  the  comparison  of  the  shapes. 

MR.  RODEAN:  They  are  normalized  at  the  0.02  sec? 

MR.  ALEXANDER:  It  is  normalized  by  the  total  energy,  actually,  so  they 
are  not  normalized  to  one  frequency. 

MR.  SMITH:  Is  that  ground  motion? 

MR.  ALEXANDER:  Yes,  this  is  corrected  back  to  ground  motion.  This  is 
power  displayed  by  the  way.  It  is  not  amplitude. 

I  believe  all  of  these  are  in  tuff.  Bourbon,  Bronze,  Corduroy, 
Cup,  Dumont,  and  Par.  Par  is  the  smallest  one,  and  it  is  the  one  that 
shows  up  with  the  excursion. 

MR.  RODEAN:  Bourbon  is  at  some  interface,  or  close  to  one. 


Corduroy 
V Bourbon 


MR.  ALEXANDER:  Par,  too,  tends  to  show  up  a  little  atypically  here  >n 
Figure  28.  But  for  the  kind  of  measurements  that  we  would  intend  to 
make,  these  are  very  similar  spectra.  At  Las  Cruces  (Figure  28),  a 
thousand  kilometers  distant,  I  should  point  out  the  spectral  peak  shown 
on  Figure  27  has  shifted  over  slightly.  The  shapes  again  tend  to 
reproduce  themselves.  There  is  a  good  deal  of  spectral  character,  but 
it  is  a  reproducible  shape. 

MR.  ROTENBERG:  How  are  these  measured,  with  accelerometers? 


MR.  ALEXANDER:  These  are  all  from  velocity  instruments.  You  make  an  u 
correction  so  you  don't  have  to  get  back  to  ground  motion  in  each  case 
to  compare  events.  Again  these  are  ranging  the  magnitude.  In  this  case 
it  is  4.8  to  5.2,  Despite  this,  the  shapes  are  quite  similar. 

MR.  CHERRY:  How  does  the  phase  part  of  the  spectrum  show? 

MR.  ALEXANDER:  I  do  not  have  it  plotted  here,  but  I  can  illustratr  it 
with  one  example  of  an  actual  seismogram.  I  think  you  can  see  that  the 
wave  forms  tend  to  be  very  similar.  I  will  show  you  that  shortly. 

Figure  29  is  two  completely  different  events.  This  is  Greeley 
and  Bilby  at  almost  teleseismic  distances  as  recorded  at  CPO.  Very 
interestingly,  in  this  case  they  are  peaked  at  quite  a  different  (and 
higher)  frequency  than  the  previous  examples  even  though  they  are  con¬ 
siderably  larger  events.  Nonetheless,  the  two  events  have  similar 
spectral  shapes  at  this  station.  So  the  medium  through  which  it  is 
being  transmitted  to  different  directions  is  very  important,  but  events 
tend  to  show  up  very  similar  to  one  another  if  the  paths  are  invariant. 

This  Figure  30  gets  a  little  bit  back  to  the  point  you  were 
mentioning  earlier.  These  are  all  actual  traces  observed  at  PG-BC 
normalized  to  the  peak  value  which  in  this  case  is  at  about 
the  point  where  you  would  make  the  surface-wave  magnitude  measurement. 
These  are  all  Rayleigh  waves.  This  whole  interval  is  one  minute. 

The  traces  are  aligned  so  that  this  Airy  phase  on  which  you 
would  make  the  surface-wave  measurements  is  nearly  coincident  in  time 
for  each  event.  You  see  that  by  and  large  the  waveforms  are  essentially 
reproducible  for  these  events.  These  are  all  located  in  Pahute  Mesa, 

I  believe. 

MR.  RODEAN:  Faultless  is  central  Nevada. 

MR.  ALEXANDER:  Faultless  is  from  a  different  distance,  too,  so  the 
dispersion  alters  the  waveform  somewhat.  In  this  band  between  10  and 
20-sec  period  used  for  the  surface-wave  magnitude,  there  is  essentially 
no  phase  difference,  because  the  waveforms  agree  in  shape  over  the  whole 
time  interval.  If  the  shapes  agree  with  one  another,  then  the  phases 
have  to  be  the  same.  If  the  trace  amplitude  and  shape  agree,  then  the 
phase  spectra  have  to  be  the  same. 
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Now,  there  are  some  differences  in  the  long-period  portion, 
particularly  for  Greeley.  Apparently  there  are  other  lines  of  evidence 
that  this  event  had  a  significant  amount  of  tectonic  release  compared 
to  the  other  ones. 

The  lower  frequencies  also,  however,  are  quite  comparable. 

This  portion  is  about  20  to  30  sec  in  period.  Particularly  these  first 
three  are  remarkably  similar  as  to  spectrum,  shape  and  everything,  as 
seen  at  this  azimuth  PG-BC. 

Now,  look  at  the  same  set  of  events  from  a  different  azimuth, 
also  a  very  good  station,  RK-ON,  on  this  same  Figure  30.  Here  you  begin 
to  see  some  azimuthal  effects  that  are  somewhat  important.  Basically 
there  is  a  similar  sort  of  waveform  here  at  the  Airy  phase  for  these  fou» 
events,  but  in  this  case  Boxcar  seems  to  be  a  little  bit  peculiar.  I 
think  the  essential  point,  though,  is  that  even  though  these  events  are 
in  different  media,  and  do  vary  somewhat  in  size,  the  spectral  charac¬ 
teristics  as  revealed  by  the  wave  shapes  are  very  similar. 

MR.  ROTENBERG:  Is  Boxcar  timed? 


MR.  ALEXANDER:  Yes,  it  may  be  shifted  off  by  one  cycle.  What  he  is 
saying  is  that  this  may  be  off  in  time  slightly,  and  should  be  shifted 
over  to  normalize  it  down  a  little  bit,  but  it  still  has  a  bigger  ampli¬ 
tude  in  the  earlier  part  of  the  Rayleigh  wave.  They  are  not  all  that 
different  from  one  event  to  another  however.  It  is  remarkable  that  the* 
are  so  consistent.  This  is  one  generalization  that  one  can  make--that 
the  wave  shapes  are  consistent.  Also  from  a  theoretical  point  of  view 
you  don't  expect  that  the  shape  should  be  different  until  you  get  into 
the  real  big  ones  (in  the  absence  of  tectonic  release)  and  indeed  they 
should  be  quite  similar.  Whereas  with  earthquakes,  you  can  get  any 
spectral  shape.  You  can  shape  the  spectrum  however  you  wish,  depending 
on  how  one  orients  the  fault,  and  at  what  depth  it  is  located.  You  can 
shape  the  spectrum  in  any  one  azimuth  more  or  less  any  way  you  choose. 

Let  me  move  very  quickly  then  to  the  last  set  here  (Figure 
31)  which  is  a  comparison  between  Mil  row  and  Longshot,  and  an  earth¬ 
quake  very  near  to  the  same  place.  This  is  seen  at  PG-BC.  The  dashed 
lines  with  the  circles  is  Milrow.  I  don't  know  if  you  can  see  the  dots. 
It  does  not  matter,  because  they  are  essentially  overlays  of  one  another. 
These  events  differ  in  level  by  not  quite  a  whole  order  of  magnitude. 
Longshot  has  a  body-wave  magnitude  of  5.9  and  Milrow  is  6.5.  They  are 
significantly  different  magnitudes  at  any  rate.  Yet  the  spectra,  the 
dashed  lines,  are  simply  coincident.  This  earthquake  in  the  same  area 
has  the  shape  shown  by  the  solid  line,  and  it  was  a  magnitude  5.0  event. 
That  earthquake  happened  to  have  the  same  surface-wave  magnitude  as 
Longshot.  In  this  case  at  this  particular  station,  at  3800  km  distance, 
the  peak  is  at  20  sec,  0.05  cycles. 
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Figure  31.  Rayleigh-Wave  Spectra  at  Station  PG-BC. 
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Figure  32  is  for  another  station,  Kanab,  Utah,  which  is  a 
little  more  distant,  5400  km.  This  is  a  different  earthquake  now,  but 
the  same  Longshot  and  Milrow,  shown  by  the  dashed  lines.  They  are  quite 
different  in  shape  than  you  saw  before;  nonetheless  the  shapes  of  the 
two  explosions  are  more  or  less  overlays  within  the  accuracy  of  the 
observation.  The  earthquake  in  this  case  peaked  at  a  lower  frequency 
than  the  shots. 

MR.  ROTENBERG:  Do  you  mean  you  overlaid  the  two  earthquakes? 

MR.  ALEXANDER:  No,  the  dashed  lines  are  Longshot  and  Milrow,  the 
two  explosions.  In  the  sequence  of  figures  not  all  of  the  earthquakes 
are  the  same  earthquakes  from  station  to  station,  but  always  the  same 
explosions,  Longshot  and  Milrow. 

MR.  FRASIER:  How  deep  is  the  earthquake? 

MR.  ALEXANDER:  I  am  not  sure  about  the  one  on  Figure  31,  but  the  one 
on  Figure  32  I  think  was  shallow,  approximately  20  km. 

MR.  CHERRY:  Were  the  earthquakes  in  the  same  general  area,  did  you  say? 

MR.  ALEXANDER:  Very  close,  yes,  within  50  km  of  the  explosions. 

Here  in  Figure  33  is  a  similar  plot  for  TFO.  Here  you  see  two 
different  earthquakes.  They  are  actually  smaller  earthquakes.  One  of 
them  is  magnitude  5.0,  shown  with  the  triangles,  the  other  one  is  5.5. 
These  earthquake's  results  are  just  the  opposite  of  what  some  people 
have  predicted  in  the  past,  that  is,  the  bigger  the  event,  the  more  it 
should  be  peaked  to  a  lower  predominant  frequency.  In  this  case  you 
get  to  see  just  the  opposite  effect  at  this  particular  azimuth,  with 
the  smaller  event  peaked  at  a  lower  frequency.  It  can  go  either  way. 

Th*  only  thing  consistent  is  that  the  explosions  reproduce  themselves 
in  shape  f’ver  a  wide  range  in  size. 

MR.  HARKRIDER:  But  you  are  not  suggesting,  though,  that  if  someone 
showed  you  just  a  single  one  of  those  records  that  you  could  discriminate 
between  the  explosion  and  the  earthquake? 

MR.  ALEXANDER:  No,  I  am  not  suggesting  that  at  all.  In  fact,  what  I  am 
claiming  is  that  you  really  cannot  use  spectral  shape  as  a  means  of  dis¬ 
crimination,  at  least  not  at  one  azimuth.  If  you  take  into  account  many 
azimuths,  you  may  be  able  to. 

The  other  thing  is  that  since  the  explosions  tend  to  reproduce 
one  another  in  shape,  you  might  be  able  to  discount  an  event  that  was 
sufficiently  unlike  an  explosion,  and  say  that  is  not  an  explosion  be¬ 
cause  an  explosion  tends  to  repeat  the  shape. 

MR.  ARCHAMBEAU:  That  is  Rayleic,h-wave  spectra? 
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MR.  ALEXANDER:  That  is  right,  all  of  this  is  Rayleigh  waves. 

MR.  ARCHAMBEAU:  You  are  comparing  magnitudes  now. 

MR.  ALEXANDER:  I  have  normalized  out  all  of  the  amplitudes.  This  is 
just  considering  the  spectral  shape. 

MR.  ARCHAMBEAU:  Yes,  but  you  said  previously  you  referred  to  the  mag¬ 
nitude  of  the  event.  You  made  the  statement  that  larger  events  were 
thought  to  have  a  peak  in  the  spectrum  at  longer  periods,  and  this  does 
not  show  that.  But  that  depends  on  how  you  measure  the  magnitude,  the 
body-wave  magnitude.  Maybe  the  event  really  was  not  bigger  in  terms  of 
energy.  Okay? 

MR.  ALEXANDER:  Okay. 

MR.  ARCHAMBEAU:  With  respect  to  body-wave  magnitude,  but  that  may  not 
be  a  measure  of  energy. 

MR.  ALEXANDER:  Let  me  clarify  that.  What  you  say  is  true.  I  don't 
really  believe  that  the  shape  of  the  Rayleigh-wave  spectrum  in  the  case 
of  earthquakes  is  much  of  a  measurement  of  what  the  source-time  function 
is  like.  It  is  much  more  a  reflection  of  the  geometry  of  the  source, 
that  is,  the  fault  orientation  and  depth.  If  you  represent  it  as  a 
point  double  couple,  you  can  go  through  a  theoretical  calculation  and 
show  that,  depending  on  how  you  orient  the  double  couple,  you  can  shape 
the  spectrum  making  it  peak  any  place  you  wish.  Primarily  it  is  that 
kind  of  effect  as  opposed  to  the  source-time  function  that  is  doing  this 
shaping  and  that  is  independent  of  the  size  of  the  event.  That  is 
purely  a  source  geometry  effect  which  I  think  overrides  in  some  respects 
the  source-:time  function  in  the  case  of  earthquakes.  Explosions  tend  to 
be  very  consistent. 

I  think  I  h»ve  one  or  maybe  two  other  stations.  This  Figure 
34  is  Holton,  Maine,  a  smaller  kind  of  thing.  In  this  case  two  earth¬ 
quakes  are  practically  coincident  with  one  another,  and  again  the 
explosions  are  the  dashed  curves.  They  overlay  one  another.  One 
earthquake  is  a  5.0,  and  the  plus  symbols  denote  the  5.5.  Seen  at  this 
azimuth  the  two  earthquakes  tend  to  reproduce  one  another  also  and  have 
a  different  shape  than  the  explosions  in  the  same  general  magnitude 
range. 


Here  is  another  example  (Figure  35),  again  showing  these  same 
types  of  events,  in  fact,  the  same  events.  In  this  case,  the  peak  is 
away  over  at  25  sec  for  the  explosions.  Remember  in  the  previous 
cases,  a  lot  of  them,  they  were  peaking  more  or  less  in  the  same  po¬ 
sition.  Here  the  explosion  is  peaking  at  about  25  sec,  while  the  same 
earthquake  is  peaking  over  in  this  region  here,  the  same  earthquakes 
you  have  been  looking  at. 
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To  summarize  what  I  wanted  to  say,  it  appears  that  for  at 
least  two  different  source  regions,  the  NTS  and  the  Amchitka  area,  the 
spectral  shapes  as  seen  along  given  paths  to  particular  receivers  tend 
to  reproduce  one  another  over  a  fair  range  in  yield.  I  am  not  sure 
whether  it  is  true  over  a  large  range  in  shot  medium,  because  we  don't 
have  that  many.  Most  of  what  I  have  been  showing  you  were  in  tuff,  but 
they  were  located  at  somewhat  different  positions. 

MR.  SMITH:  Would  a  fair  paraphrase  of  what  you  have  said  be  that  at 
long  periods  explosions  are  clearly  point  sources,  and  the  entire 
structure  of  the  spectrum  is  determined  by  the  path  of  propagation? 

MR.  ALEXANDER:  I  don't  want  to  go  quite  that  far.  I  am  'Qt  sure  you 
could  consider  them  point  sources.  What  I  am  saying  is  as  far  as  the 
low  frequency  spectral  energy  being  put  out,  all  of  the  explosions  look 
very  similar  to  one  another  and  a  point  source  representation  is  a  good 
one  from  a  theoretical  point  of  view.  I  do  not  know  if  anyone  here  has 
short-period  data,  but  there  are  some  differences  I  think  perhaDS  in  the 
short  period.  I  think  Clint  Frasier  has  been  working  in  that  area,  and 
also  Tom  McEvilley  at  Berkeley  has  some  short-period  spectra.  This 
essentially  completes  my  discussion  of  the  Rayleigh  waves. 
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POWER  SPECTRAL  RATIOS  -  SHORT  PERIOD  DATA 


Clint  Frasier 

Massachusetts  Institute  of  Technology 

The  sketch  below  presents  a  quick  look  at  four  presur.ed 
explosions  from  Kazakh  as  recorded  at  LASA. 


CORE 


LASA,  the  Large  Aperture  Seismic  Array,  near  Billings,  Montana,  has  an 
aperture  of  about  two  seismic  degrees,  and  the  Semipalatinsk  area  in 
eastern  Kazakh  is  about  83  ''agrees  distant.  This  distance  is  about  as 
far  away  as  you  could  ever  use  primary  teleseismic  data  at  and  try  to 
interpret  the  signal  shapes  in  terms  of  source  functions.  At  larger 
distances,  core  phases— namely  PcP— arrive  just  behind  the  P  phase. 

What  I  did  here  was  a  relative  study  of  explosive  sources 
recorded  at  the  same  sites.  A  difficult  problem  in  short-period  seismic 
data  is  the  tremendous  signal  variation  from  site  to  site  for  the  same 
event.  Along  a  specific  take-off  angle  direction,  the  effects  of 
attenuation  and  layering  in  the  earth  are  not  well  known  and  can  only 
be  estimated  statistically.  So  you  really  are  not  sure  what  happens  to 
the  short-period  signal  shapes  between  the  time  they  ;tart  off  here  in 
eastern  Kazakh  and  are  detected  at  LASA. 


Preceding  page  blank 
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One  thing  you  can  do  to  get  a  relative  measurement  of  signals 
of  different  magnitudes  is  to  take  several  shots  from  practically  the 
same  test  site.  Then  by  computing  spectral  ratios  of  one  event  to 
another  event  at  the  same  site,  you  can  eliminate  all  the  unknown  yet 
common  effects  of  the  ray  path  through  the  earth  from  source  to 
receiver. 


Since  LASA  has  a  two  degree  aperture,  the  takeoff  angles  of 
the  rays  from  each  source  to  the  different  LASA  sensors  are  essentially 
identical.  Since  the  four  events  are  very  closely  located  we  are 
real 1>  sampling  the  source  radiations  along  one  specific  take-off  angle 
from  the  Kazakh  site. 


TABLE  4 

SCALING  OF  CAVITY  RADII  FROM  LASA  MAGNITUDES  FOR  FOUR 
PRESUMED  EXPLOSIONS  FROM  EASTERN  KAZAKH 

Event 

m,  (LASA) 

°i/05 

a.(m) 
Assuming 
a5  =  500 

a.(m) 
Assuming 
a5=  750 

1 

5.4 

0.585 

293 

438 

2 

5  6 

0.681 

341 

511 

4 

5.8 

0.781 

391 

586 

5 

6.1 

1.000 

500 

750 

Table  4  shows  the  data  I  looked  at,  and  I  labeled  the 
events  1,  2,  4,  and  5.  The  magnitudes  shown  here  are  those  recorded 
at  LASA,  and  they  are  increasing  in  the  same  direction  as  the  CGS 
magnitudes,  which  are  averages  c.'  many  worldwide  magnitudes. 

The  eastern  Kazakh  test  site  is  thought  to  be  in  hard  rock, 
i.e.,  granite,  and  probably  these  explosions  were  shot  in  shallow 
holes.  I  assumed  that  for  large  magnitude  events  in  hard  rock  the 
displacement-potential  amplitude  is  directly  proportional  to  the  yield, 
which  is  proportional  to  the  radius  cubed  of  an  equivalent  elastic 
cavity.  If  a  cavity  radius  is  assigned  to  the  largest  event,  then 
equivalent  cavity  radii  for  the  smaller  magnitude  events  can  be 
obtained  by  cube  root  scaling  of  the  amplitudes  obtained  from  the 
magnitudes. 

For  a  magnitude  6  event  in  hard  rock,  yield  estimates  of 
about  1QQ  kt  and  an  equivalent  cavity  radius  of  about  70Q  m  have  been 
made.  Two  sets  of  scaled  radii  are  shown  here,  for  85  equals  5Q0  m 
and  75Q  m  respectively. 
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MR.  SMITH:  Those  are  elastic  radii,  not  cavity? 

MR.  FRASIER:  Oh,  yes,  these  are  equivalent  elastic  radii. 

MR.  SMITH:  You  have  cavity  radii  there. 

MR.  FRASIER:  Yes,  they  are  supposed  to  be  equivalent  elastic. 

MR.  RODEAN:  And  that  is  meters,  not  kilometers. 

MR.  FRASIER:  Actually  this  is  meters. 

Let's  look  at  Figure  36.  Here  is  the  problem.  I  have 
numbered  these  events  1,  2,  4,  and  5,  and  arranged  them  in  order  of 
increasing  magnitude  here.  These  are  the  various  subarray  locations 
of  LASA:  the  F  ring,  which  is  the  outermost  ring  and  about  200  m 
across,  and  the  E  ring,  and  so  on.  I  am  just  showing  you  the  two 
outermost  rings  of  data  here.  This  is  short-peri  )d  information. 

These  vertical  lines  here  are  1-sec  timing  lines.  These  are  Hall 
Sears  instruments,  and  the  velocity  response  of  these  is  flat  from 
about  1  cps  out  to  about  5  cps.  Thus  the  P  waves  shown  are  essentially 
displacement-velocity  records. 

Now  the  really  frustrating  thing  here  is  that  there  is  much 
more  similarity  from  event  to  event  at  a  single  site  than  there  is  for 
a  given  event  from  site  to  site.  In  other  words,  as  we  examine  the 
same  event  at  the  different  sites,  we  see  large  variations  in  both  the 
signal  duration  and  amplitude,  which  must  be  due  to  complex  layering 
in  the  upper  mantle,  and  below  the  receiver  locations  at  LASA  rather 
than  any  variation  in  source  radiation,  because  there  is  no  difference 
in  the  angle  of  the  rays  going  to  the  different  arrays.  This  variation 
you  see  here  for  the  F  and  E  ring,  persists  for  all  21  subarray  sites. 
These  seismograms  here  are  recorded  by  the  deep-hole,  50f-ft  buried 
seismometers,  single  seismometers.  I  did  not  want  to  take  the  subarray 
sums,  because  this  introduces  other  filtering  problems  in  the  data. 

A  crucial  point  is  that  the  effect  of  magnitude  shift  on  the 
short-period  signals  is  overwhelmed  by  the  station's  site  character¬ 
istics.  If  you  accept  this  idea  of  equivalent  elastic  cavity,  then  a 
decrease  in  the  high-frequency  spectral  content  should  be  observed  from 
lower  to  higher  magnitude  events.  If  you  look  very  hard  here  at  some 
sites  there  appears  to  be  a  slight  decrease  of  high-frequency  energy 
from  events  1  to  5.  But  it  is  not  very  obvious. 

I  computed  transfer  functions  which  when  convolved  with  a 
low-magnitude  event,  say  event  1,  give  as  output  event  5.  This  was  donp 
at  each  of  the  21  subarray  positions  of  LASA  Since  this  is  equiva¬ 
lent  to  computing  the  spectral  ratio  of  event  5  over  event  1,  all  of 
the  unknown  transmission  path  effects  cancel  out.  This  yields  transfer 
functions  to  shape  the  source  radiation  of  event  1  to  that  of  event  5. 
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each  an  array»  >'ou  can  calculate  transfer  functions  at 

thth«2S  IScf U  i  and.1n  SPite  0f  signa1  variatl'ons  you  should  get 

each  suba^raJ  U?6?  ¥°U  d°  this  over  and  over  a9a™  for 

lowest  to  the  that  f°r  t!?e  lowest  to  the  highest,  and  next 

higher  £giuu51?  ’  S°  0n’  so  1  am  g01ng  from  lower  magnitude  to 

p?ease?EY:  W°,Jld  y°U  define  the  e9ui'valent  elastic  radius  again, 

sourc^outiid^nf  hypothetical  spherical  radius  around  the 

source,  outside  of  »  things  are  behaving  elastically,  such  that 
you  can  do  elastic-wave  calculations. 

HR.  RINEY:  That  is  all  you  mean  by  that? 

MR.  FRASIER:  That  is  all. 

MR.  ALEXANDER:  Is  that  uniquely  defined  then? 

Assure IE^Uhpn  U  is  probably  governed  by  the  llthostatic 

pressure.  When  the  actual  pressure  generated  by  the  sourcp  h^«;  hppn 

‘Je  «*"*  ?!f  U  than  luKtfc  pS- 

sure,  then  It  will  probably  go  elastic.  This  Is  a  conjecture  and  I 

Can  t  pr24euitf  h?  1  am  dust  sayin9  that  far  away  these  four  different 

elastlc^ltips  I?!?/  Sa1e  -rea  l0°k  like  they  are  rad1at1n9  from 
elastic  cavities  of  different  size.  So  I  am  postulating  that. 

thoco  91  |  £iaUrek37  show?  the  transfer  functions  computed  at  each  of 

h^cSLnnAA5A  RU?arr3y  Sltes  for  shaPlng  event  4  to  event  5.  Event  4 
has  magnitude  5.7  and  event  5  has  magnitude  6.1.  The  vertical  llnpc 

are  1-sec  timing  lurks  here  now,  so  these  oscillations  are  about  2  Hz 

!r+S°’+kIn+Sp1tr  0f  the  extreme  variations  you  saw  in  the  orlqinal 

SS^i^&TSlS  ?6  t0  be  V6ry*  Very  consisbent  from 

feast-squares  tJdSfqSET"^  fUnCt’°"S  ^  COn,pUted  in  ■ 

.  _  .  ^^9ure  88  shows  the  transfer  functions  at  each  site  to  shaoe 
event  2  to  event  5,  which  is  a  larger  change  in  magnitude.  Now  thinqs 
are  less  consistent  from  site  to  site,  but  still  there  is  a  consistent 

transfer  fSJSlon.^6  transfer  functions  which  shows  up  In  the  average 

Fi?*r!l  39  sh?ws  ?he  transfer  functions  from  the  lowest  to 
highest  magnitude  events,  i.e.,  event  1  to  event  5.  Again  if  I  had 

done  a  better  Job  of  aligning  the  data  more  details  would  show  up  in 
the  average  transfer  function.  I  don't  know  what  this  detail  iSP,  but 

InA  ?hS!c3 ,nSJaPJh°f  positive  and  then  negative  swing  is  consistent 
and  shows  up  in  the  average  transfer  function. 


Ill 
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Figure  37.  Transfer  Functions  Ri+skCt)  at  Subamy  K  at  LASA.  Each 

function  is  equivalent  to  the  spectral  ratio  Esk(^) /E4k(to) 
in  the  frequency  domain. 
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Figure  38. 
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s 0- is s  is  the  observed  data.  Since  these  are  transfer 
functions,  the  Fourier  transforms  of  them  give  spectral  ratios  of  the 
largest  event  over  smaller  events. 


?!  *e  take  the  spectral  ratio  of  the  radiation  from  a  larqe 
cavity  divided  by  the  radiation  from  a  little  smaller  cavity,  we 
should  get  a  definite  degradation  of  higher  frequencies.  That  is  what 
the  spectra  of  the  transfer  functions  show.  Figure  40  shows  th^  fre¬ 
quency  response  of  the  three  transfer  functions.  The  top  curve  is  the 
frequency  response  of  the  first  average  transfer  function  that  I  showed 
y?u‘  ]:e*’  £5(w)/E4(w).  It  shows  less  degradation  of  high  frequencies 
than  the  other  two  transfer  functions.  These  three  spectral  ratios 
a  e  normalized  at  1  Hz  to  show  the  relative  slopes  at  hiqher  fre¬ 
quencies. 

MR.  HARKRIDER:  What  is  that  frequency  scale  on  the  bottom? 

MR.  FRASIER:  This  is  one  cycle,  two,  three,  four,  five  cycles  out 
here,  and  you  probably  can't  believe  anything  beyond  about  four 

cycles.  The  degradation  of  higher  frequencies  in  the  spectral  ratio 
is  the  important  trend.  K 


.  tm  a If  y2U*t?keJ-Jhe  scaled  cavity  radii  that  I  showed  you  before 
in  Table  4,  and  take  the  spectral  ratios  of  the  far-field  particle 

velocities  produced  by  a  step  function  of  pressure  in  each  cavity,  you 
will  get  the  same  type  of  degradation  of  high  frequencies.  Again  this 
s  not  a  proof  that  an  elastic  cavity  is  a  good  model  for  the  source 
it  is  just  a  possible  explanation  for  this  observed  slope  in  the 
spectrum  of  each  transfer  function.  V 

MR.  HARKRIDER:  You  got  the  radius  from  Sharpe's  solution  that  fit  this? 
How  did  you  get  the  radius  again? 

MR.  FRASIER:  I  assumed  a  yield  from  the  largest  event  of  about  100  kt 
and  an  equivalent  elastic  radius,  of  750  m.  I  then  estimated  the  yields 
of  the  smaller  shots  by  assuming  that  magnitude  varies  as  the  loq  of 
the  yield.  This  was  done  using  LASA  magnitudes.  From  the  yield  esti¬ 
mates,  cavity  radii  were  obtained  by  cube  root  scaling  down  from  750  m, 
the  largest  cavity  radius  for  event  5. 


MR.  ALEXANDER:  So  you  tMnk  the  ratios  of  the  cavity  radii  computed 
in  this  way  should  be  at  least  approximately  correct,  but  the  actual 
sizes  depend  on  the  assumption  about  that  biggest  one. 
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FREQUENCY  (Hz) 

Figure  40.  Amplitude  Spectra  of  RisU),  R25(u)»  and  R**sCt*>) •  Spectra  are  normalized 


MR.  FRASIER:  Right.  All  I  am  looking  at  is  ratios  here  because  I 
have  to  eliminate  the  unknown  ray  path  effects.  This  is  really  a 
difficulit  problem  for  short-period  seismology.  I  just  don't  think  you 
can  look  at  anything  absolutely  because  of  the  tremendous  signal 
variation  you  are  getting,  so  I  am  using  this  ra^io  as  a  gimmick,  which 
everybody  else  has  used  to  divide  out  all  of  the  unknown  things. 

MR.  TRULIO:  What  does  your  transfer  function  convert  to  what? 

MR.  FRASIER:  The  transfer  function  is  a  filter.  If  I  convolve  the  low- 
magnitude  event  with  th'  filter,  the  output  is  approximately  the  high- 
magnitude  event,  just  the  actual  seismograms  that  I  showed  you  in  Figure 
36. 

MR.  RINEY:  Are  these  transfer  functions  from  a  given  event  to  different 
places? 

MR.  FRASIER:  No,  what  I  said  was  the  only  thing  I  can  do  is  compare 
data  of  different  events  at  the  same  site.  I  can  never  compare  one 
site  to  another,  because  there  is  too  much  signal  variation. 


So  I  compute  transfer  functions  to  shape  low-magnitude  events 
to  high  magnitude,  at  each  sensor,  and  if  I  really  am  getting  something 
that  is  diagnostic  of  the  source  spectral  ratio,  then  these  transfer 
functions  should  look  alike  as  I  go  from  site  to  site  all  across  LASA. 
In  other  words,  if  the  transfer  functions  were  not  coherent  from  site 
to  site,  then  I  would  have  no  statistical  basis  for  interpreting  the 
data  at  all.  The  point  is  that  the  average  transfer  functions  show 
detail  seen  on  each  transfer  function  for  a  given  pair  of  events. 

MR.  TRULIO:  Do  you  get  a  transfer  function  like  a  kernel  of  an 
integral? 

MR.  FRASIER:  Yes. 

MR.  TRULIO:  But  then  you  can't  find  it  from  the  conversion  of  just  one 
signal  to  another. 

MR.  FRASIER:  Sure,  it  is  a  least-squares,  digital  filter. 

MR.  TRULIO:  Yes,  but  it  is  like  trying  to  get  a  matrix  from  a  single 
set  of  linear  equations.  You  know  the  left-hand  vector  and  the  right- 
hand  vector,  but  you  can't  get  the  matrix. 

MR.  FRASIER:  You  can't  get  it  exactly,  but  you  can  get  it  in  the 
least-squares  sense. 

MR.  TRULIO:  Okay.  Why  is  that  the  right  thing  to  do  if  there  is  no 
uniqueness  about  the  transfer  function? 
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MR.  FRASIER:  But  it  does  a  very  good  job.  I  don't  have  the  examples, 

but  what  I  do  is  take  the  event-time  traces  and  convolve  them  with  the 

transfer  functions  and  they  do  a  very  good  job  of  fitting  the  desired 
event  seismograms.  The  transfer  functions  look  like  what  they  call 
minimum  delay  in  the  electrical  engineering  business.  They  are  well  1 
behaved  and  stable  filters. 

MR.  ALEXANDER:  If  the  two  signals  look  exactly  alike,  that  transfer 
function  would  be  a  delta  function,  right? 

MR.  FRASIER:  Right.  But  they  don't  look  alike, 

MR.  ALEXANDER:  All  he  is  getting  is  something  that  amounts  to  the 

spectral  difference  from  one  event  to  the  other.  In  other  words,  if 
they  looked  alike,  this  would  turn  out  to  be  a  straight  line  all  the 
way  across.  , 

MR.  TRULIO:  Okay,  the  transfer  function  does  not  cause  much  trans-  > 
formation  of  a  signal,  therefore  it  is  all  right  to  determine  it  from  a 
single  pulse  even  though  the  true  function  is  then  not  unique. 

MR.  ROTENBERG:  You  go  back  to  the  frequency  and  see  what  the  problem 
is. 

i  , 

!  | 

MR.  ARCHAMBEAU:  Just  write  that  as  a  Fourier  transform. 

MR.  FRASIER:  You  see,  I  did  not  want  to  divide  spectra  because  When 
you  divide  spectra,  you  get  very  wild  looking  ratios.  These  time- 
domain  calculations  effectively  smooth  the  spectral  ratio.  The  point 
is  that  I  have  an  array.  I  recomputed  this  filter  individually  for^ 
each  sensor,  and  I  was  able  to  get  a  fairly  consistent  set  of  filters, 
and  then  I  took  the  average  of  these  to  get  the  average  transfer 
function.  Then  if  I  convert  that  to  the  frequency  domain,  I  just  get  a  , 
spectral  ratio. 

MR.  ARCHAMBEAU:  I  just  wonder  about  your  frequency  range  here.  It  ' 
seems  rather  narrow. 

MR.  FRASIER:  It  is  probably  good  out  to  three  cycles.  I  would  not  push 
it  any  farther.  * 

MR.  SMITH:  So  you  showed  that  the  larger  yield  explosions  are  in  fact 
relatively  richer  in  low  frequencies  as  a  result  of  this  exercise  , 

MR.  ARCHAMBEAU:  Or  they  had  larger  radii  in  the  elastic  region. 

MR  SMITH:  What  was  the  conclusion  from  this  exercise? 

,  i  f 

MR.  FRASIER:  So  far  my  conclusion  is  there  is  source  information  in 
short-perird  teleseismic  P  waves  from  explosions.  , 
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MR.  SMITH:  The  most  impressive  thing  about  the  seismograms  you  showed 
was  the  fact  that  there  was  some  kind  of  a  repeated  delayed  pulse 
arriving,  and  the  first  thing  one  would  think  about  was  a  multi-path 
phenomenon,  rather  than  a  source  phenomenon.  I  think  that  also  shows 
up  in  the  filters,  which  are  also  characteristic  of  delay  in  some 
types  of  operations. 

MR.  ALEXANDER:  But  you  might  get  that  just  from  the  source. 

MR.  SMITH:  Yes,  it  could  be  a  surface  reflection,  even.  That  is 
1-sec  delay,  which  is  pretty  big. 

MR.  FRASIER:  Let  me  finish.  Here  is  the  spectral  ratio  Es(w)/E4(w). 
This  spectral  ratio  is  much  flatter  at  higher  frequencies  due  to  the 
magnitudes  being  more  nearly  equal. 

MR.  SMITH:  Wouldn't  it  be  exactly  equivalent?  I  know  you  don't  want 
to  divide  raw  spectra,  but  if  you  calculated  the  outer  correlation  and 
the  power  spectra,  I  think  you  would  be  safe  in  dividing  power  spectra, 
and  you  would  get  smooth  results. 

MR.  FRASIER:  Yes,  that  would  be  the  same,  but  that  is  the  least- 
squares  solution,  too. 

MR.  ALEXANDER:  But  you  have  to  smooth  them  a  lot  first. 

MR.  SMITH:  That  is  what  you  do  when  you  calculate  power  spectra  by 
definition. 

MR.  FRASIER:  You  see,  I  am  actually  getting  more  information  in  the 
time  domain  because  this  has  no  phase  spectra.  I  really  want  to  keep 
the  phase  Information,  because  I  want  to  compare  that  time-transfer 
function  with  what  I  would  get  if  I  just  assume  two  cavity  radii  for 
sources.  This  is  shown  in  Figure  41. 

What  I  did  here  was  use  the  Sharpe  or  Blake  solution  for  the 
far-field  particle-velocity  response.  It  turns  out  the  velocity 
response  has  amplitude  and  time  constants  which  are  proportional  to 
the  cavity  radius  you  assume.  I  started  out  with  a  radius  of  750  m 
for  the  largest  event,  and  I  scaled  it  down  by  cube  root  scaling  to 
get  the  radius  for  the  smallest  event.  Again  the  timing  lines  are  1 
sec  apart.  This  assumes  a  step-function  pressure  inside  a  cavity  and 
an  infinite  homogeneous  medium.  E](t)  and  E5 (t)  are  far-field  velocity 
responses  for  events  1  and  5. 

MR.  ROTENBERG:  Are  those  the  transfer  functions  for  the  Sharpe 
solution? 

MR.  FRASIER:  The  trace  on  the  right  (Figure  41)  is  the  I  east- squares 
transfer  function.  It  starts  with  a  big  spike  that  goes  up  and  then 
swings  negative.  To  check  it  out  I  actually  took  the  filter  and  I 
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Figure  41.  Calculation  of  Theoretical  Least-Squares  Transfer  Function 
RI5(t)  Assuming  Blake's  Source  Model  for  Ei(t)  and  E5(t). 
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convolved  it,  the  low-magnitude  solution,  and  I  get  an  output  which 
matches  the  large  magnitude  solution.  It  is  just  a  check  on  the 
accuracy  of  the  least-squares  filter. 

It  is  the  positive  and  negative  swing  which  I  tried  to 
interpret  on  the  transfer  functions  from  the  actual  data.  Those  are 
all  superimposed  on  Figure  42. 

What  I  did  was  take  the  scaled  radii  that  I  assumed  and 
computed  the  transfer  functions.  These  transfer  functions  are  shown 
by  the  dashed  lines,  and  they  are  superimposed  over  the  actual  ob¬ 
served  transfer  functions  of  the  data.  The  only  thing  I  can  say  is 
that  the  negative  swing  of  the  transfer  function  increases  with  magni¬ 
tude  difference  between  the  events  being  compared  and  that  this  is  also 
predicted  by  Blake's  solution.  I  could  very  easily  have  taken  a  dif¬ 
ferent  elastic  radius  for  the  largest  event  and  scaled  it  down  to 
obtain  a  different  set  of  radii,  but  this  would  only  change  the  scale 
factors  for  the  transfer  functions,  not  their  shapes.  It  would  be 
interesting  to  know  what  these  oscillations  are,  whether  or  not  they 
are  caused  by  surface  reflections  at  the  source  or  perhaps  nonspherical 
oscillations  of  the  cavity.  But  the  fact  that  many  of  these  high  fre¬ 
quency  oscillations  are  consistent  over  all  21  sensors  when  I  compute 
the  transfer  functions,  and  remain  there  in  the  average,  indicates  that 
such  effects  are  due  to  the  complex  source  radiation  coming  out  at  that 
particular  take-off  angle  from  Kazakh  towards  LASA. 

MR.  CHERRY:  Are  those  theoretical  transfer  functions  independent  of 
the  source-material  properties? 

MR.  FRASIER:  I  assumed  that  the  site  was  just  granite  in  Kazakh.  I 
took  a  typical  velocity  and  Poisson's  ratio  for  granite,  and  I  assumed 
that  the  cavity  pressure  is  the  same  for  each  event,  the  differences  in 
radiation  being  produced  by  the  cavity  radii,  which  were  scaled  for 
each  event.  The  depth  of  burial  of  each  explosion  was  not  known,  but 
wa;  assumed  to  be  shallow  due  to  the  granitic  source  region.  So  that  is 
al  I  did,  not  knowing  anything  more  about  the  test  site. 

MR.  ARCHAMBEAU:  You  assumed  the  step  function. 

MR.  FRASIER:  The  step  function  of  pressure.  Now,  if  there  is  mt  a 
step  function  of  pressure,  this  would  also  work  if  the  time  history  of 
pressures  are  the  same  in  both,  because  they  also  would  divide  out  in 
the  frequency  domain.  This  is  just  a  possible  interpretation  I  have, 
and  it  does  seem  these  transfer  functions  do  show  the  right  degrada¬ 
tion  of  higher  frequencies  with  increasing  magnitude  that  would  be 
predicted  if  you  did  use  this. 

MR.  ALEXANDER:  In  those  transfer  functions,  like  E-5  to  E-l .  even,  at 
frequencies  lower  than  one  cycle,  they  were  flat. 
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TRANSFER  FUNCTIONS: 

THEORETICAL  (  BLAKE) 
OBSERVED  (LASA) 
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Figure  42.  Comparison  of  Theoretical  and  Observed  Transfer  Functions. 
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It  is  telling  you  that  the  energy  content  at  low  frequencies,  lower 
than  one  cycle  where  we  are  normally  measuring  magnitudes,  is  pretty 
independent  of  the  magnitude  over  that  ranoe  where  you  looked.  Whereas 
all  of  the  variations  you  are  looking  at  are  really  ores  that  are  of  a 
higher  frequency  than  one  cycle. 

MR.  FRASIER:  Yes,  I  think  so. 

MR.  ALEXANDER:  Even  this  scatter  that  you  are  getting  on  the  ripples. 


MR.  FRASIER:  I  am  working  with  John  Filson  on  this.  He  was  the  one 
who  suggested  to  Evernden  that  the  reason  that  the  mb  versus  yield 
curves  for  explosioi  s  in  hard  rock  taper  off  at  high  magnitudes,  whereas 
the  Ms  versus  yield  Joes  not,  is  that  the  overshoot  in  the  Haskell  dis¬ 
placement  spectrum  moves  across  and  out  of  the  frequency  band  of  short 
period  instruments.  This  causes  the  mb  at  1  Hz  to  increase  slowly 
relative  to  Ms  for  large  yields.  In  other  words  Haskell  and  Blake's 
solutions  have  frequency-dependent  displacement  spectra  which  cause 
mb  versus  Ms  to  not  fall  on  a  straight  line  at  high  yields. 

Now,  this  ignores  all  of  the  problems  Ted  Cherry  was  talking 
about,  the  Sahara  shots  and  whether  the  source  rock  is  cracked  or  not. 
But  you  can  take  a  lot  of  points  and  plot  them,  and  notice  this  type 
of  thing  for  hard  rock.  So  this  is  another  possible  explanation.  Of 
course,  none  of  these  things  is  unique.  It  is  probably  a  combination 
of  all  of  these  factors  that  cause  this.  John  Filson  does  not  think 
it  is  the  water  table  that  is  causing  this  turnover,  but  simply  as  I 
said,  this  effect  of  moving  the  Haskell  spectrum  through  this  narrow- 
band  instrument. 

MR.  SMITH:  You  are  saying  that  some  of  the  source  characteristics, 
such  as  cavity  dimension,  that  information  is  preserved  in  the  spectrum 
around  one  cycle,  whereas  Shelton  is  saying  that  none  of  the  source 
characteristics,  or  very  few  of  them,  are  presented  at  0.05  cycles, 
that  it  is  all  path. 

MR.  FRASIER:  Of  course,  he  is  looking  at  the  surface  waves.  But  you 
notice  also  that  when  he  goes  to  another  station  his  spectra  change. 

MR.  SMITH:  That  is  all  path  effect. 

MR.  FRASIER:  Yes.  I  completely  eliminate  the  path,  because  I 
deliberately  divide  out  all  of  the  stuff  I  don't  know. 

MR.  ALEXANDER:  Each  individual  plot  that  I  showed  had  that  same 
characteristic.  They  were  all  the  same  station,  same  path,  so  each 
individual  one  was  analogous  to  what  you  have  done  to  the  short 
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period.  This  was  a  somewhat  different  result.  I  get  completely  con¬ 
sistent  spectral  shapes,  and  you  do,  too,  up  to  about  one  cycle,  and 
then  they  start  to  vary  from  one  shot  to  the  next. 

MR.  FRASIER:  These  are  the  types  of  problems  that  we  are  stuck  with 
In  short-period  seismic  Information.  I  think  that  a  next  step  is  to 
estimate  the  effect  of  free  surface  over  the  source.  This  should  be 
done  numerically.  In  short-period  data,  attenuation,  spherical 
spreading,  and  layering  seem  to  distort  the  data  more  than  for  long- 
period  data  so  that  we  have  a  very  hard  time  using  the  absolute 
signals  to  determine  source  parameters. 

COL.  RUSSELL:  Thank  you  very  much,  Clint. 

Next  we  are  going  to  take  a  look  at  Questions  5  and  7  on  your 
list,  and  Nafi  Toksbz  will  speak  on  those  points. 
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CONVERGING  CLOSE-IN  AND  FAR-FIELD  CALCULATIONS 

Af.  Nafi  ToksOz 

Massachusetts  Institute  of  Technology 


The  problem  in  bridging  the  gap  between  the  near-source 
calculations  and  the  far-field  studies  which  are  trying  to  come  back 
toward  the  source,  is  that  a  common  ground  has  not  been  reached. 
Theoretically  the  seismic  observations  made  at  some  Ji stance  from  the 
source,  when  corrected  for  all  of  the  propagation  effects,  should  give 
ideal  source  properties.  Furthermore  these  properties  should  agree 
with  what  one  computes  starting  at  the  source  and  taking  into  account 
the  explosion  history  and  the  behavior  of  the  medium. 

The  reasons  for  the  lack  of  complete  convergence  between  the 
inward  a.-ui  outward  approaches  are  manyfold.  Some  are  connected  with 
the  close-in  phenomena  and  what  happens  to  the  pressure  pulse  within  a 
few  kilometers  of  the  source.  Others  are  related  to  the  far-field 
observations  and  the  propagation  effects  on  the  seismic  pulse.  It  is 
not  possible  to  correct  for  the  exact  medium  response. 

Still  another  complexity,  which  we  will  not  go  intr  at  this 
moment,  arises  when  we  compare  earthquakes  and  explosions  in  con¬ 
junction  with  discrimination  phenomena.  We  know  quite  a  bit  about  the 
explosions,  both  theoretically  and  from  measurements.  For  the  earth¬ 
quakes,  our  knowledge  of  the  source  is  very  sparse.  There  has  been 
no  direct  measurement  of  ground  motion  at  the  hypr-center  nor  has  there 
been  an  exact  theoretical  formulation  of  the  source.  Progress  is  being 
made  in  these  areas  theoretically,  by  improved  modeling  and  numerical 
calculations  as  well  as  by  expanded  and  improved  field  measurements. 

Let  us  get  back  to  the  explosions  and  start  from  field  ob¬ 
servations.  What  are  some  of  the  difficulties  that  we  face  as 
seismologists  in  getting  back  to  the  source?  Those  who  are  working 
with  seismic  surface  waves  face  a  number  of  things.  If  the  medium 
(crust  and  upper  mantle)  can  be  characterized  by  plane,  parallel 
layers  of  known  velocities  and  densities,  we  can  compute  the  amplitude 
and  phase  responses  and  determine,  for  example,  what  a  Rayleigh  wave 
should  look  like  at  a  distance  of  1,000  or  5,000  km.  Inversely,  given 
a  surface  wave  observed  at  some  distance,  we  can  theoretically  correct 
for  the  propagation  effect  and  get  back  to  the  source.  The  limiting 
factors  here  are  the  insufficient  knowledge  of  the  structure  and 
deviation  from  plane,  parallel  layering.  Generally  we  do  not  know  the 
velocities  and  densities  exactly  as  a  function  of  depth,  and  we  do  not 
know  the  attenuation  properties  of  the  medium.  The  problems  of 
lateral  nonuniformity  of  the  structure  (where  the  layers  are  dipping, 
the  surface  topography  varying,  and  the  velocities  varying  laterally) 
introduce  theoretical  limitations.  In  these  areas  very  little  progress 
has  been  made  in  exact  computational  schemes.  Some  calculations  have 
been  made  for  Love  waves  and  some  are  being  carried  out  for  Rayleigh 
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waves,  but  these  are  still  far  from  modeling  all  the  crustal 
heterogeneities. 

c.  F°r  a  moment  let  us  look  at  problems  of  seismic  body  (P  and 

S)  waves.  For  a  point  source  in  a  laterally  homogeneous  earth  (the 
parameters  vary  only  as  a  function  of  the  radius),  we  can  compute  the 
exact  geometric  spreading.  We  can  include  the  attenuation  effects  if 
2 .  1S  a]^°  ,!?owrV  'hus  for  a  given  source  function  we  can  compute 
theoretically  what  the  mb  value  should  be.  Inversely,  given  an  ob¬ 
served  P  wave,  we  can  determine  the  pulse  at  the  source. 


_  The  difficulties  arise  if  we  do  not  know  the  layering 
exactly,  if  there  are  very  sharp  variations  in  the  velocity,  and  if 
there  are  lateral  heterogeneities.  If  one  adds  to  this  some  of  the 
near  surface  complexities  that  affect  the  pulse  shape  as  Clint  Frasier 
showed,  then  this  problem  becomes  more  complicated. 


As  more  observations  become  available,  the  effect  of  attenua¬ 
tion  gets  to  be  more  and  more  significant.  Earlier  this  morning 
Shelton  Alexander  mentioned  how  the  Q  might  affect  the  Lody-wave 
magnitudes.  In  North  America,  as  a  result  of  variations  in  attenuation 
in  the  upper  mantle,  the  body-wave  magnitudes  may  vary  by  as  much  as 
0.3  to  0.5  magnitude  units.  Because  of  attenuation  effects,  an  NTS 
event  would  have  a  lower  body-wave  magnitude  than  the  identical  source 
detonated  in  a  shield  area.  Similar  problems  apply  to  the  observina 
station  sites.  s 


At  the  moment  there  are  a  number  of  organizations  working  on 
collecting  data  and  evaluating  the  effects  of  these  factors  on  the 
magnitudes  of  explosions  as  well  as  earthquakes. 

The  most  important  aspect  of  this  conference  is  that  investi- 
gators  working  with  the  far-field  data  and  those  working  with  the  near- 
field  measurements  and  computations  are  present.  From  the  information 
that  I  have  been  able  to  gather,  the  code  calculations  go  to  a  certain 
limit  and  beyond  that  the  medium  is  assumed  to  behave  elastically.  The 
problem  for  seismological  purposes  is  that  the  computations  are  not 
carried  far  enough. 

In  seismology  we  deal  with  the  wave  equation,  derived  with 
certain  assumptions.  One  of  the  most  important  points  is  that  the 
strains  are  assumed  to  be  very  small.  This  limits  how  closely  we  can 
approach  the  source  from  data  recorded  at  far  field. 

We  would  like  to  see  the  code  calculations  extended  radially 
far  enough  so  that  the  strains  due  to  the  explosive  source  become  very 
small  0 .e. ,  10  ).  If  this  can  be  dons,  then  the  seismological  and 
code  calculation  results  can  be  compared  directly. 

The  second  problem  that. we  must  face  results  from  the 
complexities  in  the  near  field.  If  we  assume  homogeneity  of  the 
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medium  for  near-source  calculations,  we  ignore  a  number  of  geologic 
factors.  Examples  of  these  are:  crack  formation  and  growth,  and 
movements  and  adjustments  along  existing  faults  and  boundaries. 

A  third  problem  that  comes  to  mind  is  what  happens  if  there 
is  existing  stress  (prestress)  in  the  medium.  What  happens  to  the 
radiated  energy?  These  problems  have  to  be  ironed  out  if  we  expect  to 
be  able  to  match  near-field  measurements  and  far-field  results. 

Let  us  now  go  into  the  far-field  results.  Without  going 
into  details,  let  me  show  the  source-time  function  for  a  typical 
explosion— Bil by  (Figure  43).  This  is  the  source-pressure  function  at, 
what  we  call,  the  boundary  of  the  elastic  zone,  that  is,  the  hypo¬ 
thetical  zone  where  the  medium  is  behaving  elastically  and  the  strains 
are  very  small  .  To  obtain  this,  the  observed  Rayleigh  waves  have  been 
corrected  for  ill  of  the  propagation  effects  and  then  carried  back 
toward  the  source.  This  pulse  is  similar  to  what  we  saw  before  from 
Bill  Perret's  data,  except  it  may  be  decaying  a  little  more  rapidly. 

MR.  SMITH:  This  is  an  assumed  pulse  form  for  which  you  have  fitted 
the  parameters?  This  is  a  perfect  fit  with  an  assumption  about  what 
it  should  look  like? 

MR.  TOKSOZ:  It  fits  the  amplitudes  exactly  and  fits  the  phases  to  the 
accuracy  that  we  have.  The  pulse  form  has  been  characterized  by  p(t)  - 
te_rit.  n  is  a  parameter  we  have  varied  to  fit  the  data. 

MR.  COOPER:  How  big  is  the  cavity  radius  in  this  problem? 

MR.  TOKSOZ:  We  assume  a  point  source,  but  this  time  function  would 
correspond  to  the  pulse  at  distances  larger  than  a  wavelength  from  the 
source.  The  main  reason  for  this  is  that  we  take  the  asymptotic 
expansion  of  Hv?)(kr)  and  neglect  terms  of  the  order  (kr ; -3/2  or 
smaller.  Note  that  k  =  2tt/x  is  wavenumber  and  r  is  horizontal 
distance. 

MR.  RINEY:  We  should  be  able  to  determine  that,  shouldn't  we— the 
equivalent  elastic  radius  from  the  reduced  displacement  potential? 
Shouldn't  there  be  some  relationship  between  these  two? 

MR.  ALEXANDER:  Aren't  you  saying  that  if  you  assume  a  point  source  and 
this  goes  into  the  elastic,  zone,  it  matches  up  with  what  the  actual  one 
does  out  in  the  elastic  zone? 

MR.  RINEY:  That  is  right. 

MR.  ARCHAMBEAU:  You  are  making  kind  of  a  misleading  argument  when  you 
say  point  source.  You  are  using  Sharpe's  solution  for  something  aren't 
you? 

MR.  TOKSOZ:  No,  we  are  not  using  Sharpe's  solution. 
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gure  43.  Source-Time  Function  of  Bilby  Explosion. 
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MR.  CHERRY:  Then  the  pressure  has  to  be  equal. 

MR.  COOPER:  Oh,  this  is  your  result  of  equalizing  back? 

MR.  TOKSOZ:  Yes.  To  where  the  asymptotic  expansion  is  valid,  such  as 
one  wavelength  away. 


MR.  COOPER:  My  question  really  has  to  do  with  the  situation  of  a 
finite  cavity  in  elastic  material,  loaded  by  some  pressure  pulse.  If 
the  pressure  pulse  duration  is  reasonably  long  with  respect  to  the 
cavity  response  time,  it  does  not  matter  what  the  pulse  shape  is 
anyway.  The  cavity  response  controls  the  far-field  response.  So  I  am 
still  confused  as  to  what  the  cavity  radius  in  your  analysis  means. 

Is  this  a  cavity  radius  to  which  you  apply  a  pressure-time  history? 

Do  you  treat  it  as  if  no  signals  reflect  from  the  cavity  wall? 

MR.  TOKSOZ:  We  take  a  small,  hypothetical  cavity,  and  this  is  the 
pressure  we  put  at  this  cavity.  Once  the  pressure  is  applied,  the 
cavity  is  assumed  to  disappear.  It  does  not  oscillate  nor  scatter 
waves . 


MR.  RINEY:  Could  you  define  for  us  nonseismologists  exactly  what  you 
mean  by  point  source?  Isn't  that  our  problem  around  here? 

MR.  COOPER:  Consider  a  step  pressure  on  a  finite  cavity  wall.  The 
far-field  response  to  this  step  pressure  is  really  not  very  different 
from  that  associated  with  some  decaying  time  history  whose  positive 
phase  is  reasonably  long  with  respect  to  the  response  time  of  the 
cavity.  I  am  trying  to  understand  why  the  loading  pulse  shape  matters. 

MR.  TOKSOZ:  Your  first  statement  is  exactly  what  we  did. 

MR.  COOPER:  I  see  a  pulse  shape  here. 

MR.  FRASIER:  It  is  normalized  pressure. 


MR.  RINER:  It  depends  on  time,  so  it  is  not  a  step  pulse. 

MR.  COOPER:  Somehow  it  does  not  depend  on  the  cavity  radius.  I  don't 
understand,  because  the  cavity  radius  (in  terms  of  the  Blake  solution 
or  the  Sharpe  solution)  appears  in  the  far-field  response. 

MR.  RODEAN:  And  determines  the  frequency  spectrum. 


MR.  COOPER: 
independently 
I  think. 


Yes,  it  does.  It  determines  the  frequency  spectra  rather 
of  the  detail  of  the  pressure  pulse  on  the  cavity  wall, 
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MR.  TOKSOZ:  Let  us  take  the  case  of  a  layered  half  space,  and  you  have 
a  relatively  small  cavity,  a  cavity  that  is  small  compared  to  the  wave¬ 
length.  Then  you  put  in  a  pressure  pulse,  and  immediately  afterwards 
you  remove  the  cavity.  Thus  the  cavity  does  not  oscillate  nor  do  you 
have  the  waves  coming  to  the  cavity  and  scattering. 


MR.  ROTENBERG:  This  is  the  pressure  signal  that  you  are  putting  on 
the  walls  of  that  little  cavity. 

MR.  COOPER:  I  still  don't  understand.  The  cavity  radius,  if  I 
remember  the  problem,  is  one  of  the  dominant  determining  factors  of 
the  response  in  the  frequency  spectrum. 

MR.  ARCHAMBEAU.  You  take  the  radiated  field  and  you  just  divide  out 
the  propagation  effects  in  a  layered  medium. 

MR.  HARKRIDER:  All  the  way  back  to  the  source. 

MR.  ARCHAMBEAU:  In  the  radiated  fieu  you  get  a  1/R  singularity 
because  you  expand  the  field  outside  the  source  zone.  You  just  took 
out  the  1/R,  so  you  have  A  (the  elastic  radius)  in  there  somehow. 

The  real  A  has*  to  be  in  this  equivalent  time  function.  How  do  you  use 
this  with  Shcrpe's,  then? 

MR.  SMITH:  At  the  risk  of  confusing  things,  I  understood  that  this 
cavity  is  made  so  small  that  all  of  the  oscillations  that  come  out  of 
an  analytic  solution  are  all  much  shorter  periods  than  that,  and 
really  are  not  of  any  concern.  It  is  this  long-period  waveform  that 
is  controlling  what  we  see  at  great  distances.  In  fact,  it  does  not 
matter  a  lot  what  short-period  things  you  superimpose  on  that,  because 
you  don't  see  them  at  a  distance  anyway. 

MR.  CHERRY:  I  think  the  question  is  what  is  it,  what  does  that  thing 
really  represent?  If  you  are  asking  us  to  give  you  something,  you 
have  to  tell  us  what  to  give  you,  and  to  ■* us t  put  a  curve  like  that  up 
on  the  board  and  say,  okay,  this  is  what  we  want,  does  not  help. 

MR.  SMITH:  No,  he  did  not  say  that.  This  explains  what  we  see  at  great 
distances. 

MR.  ARCHAMBEAU:  Yes,  he  is  going  to  say  what  he  means  later. 

MR.  COOPER:  But  I  don't  understand  what  that  is. 

MR.  ARCHAMBEAU:  If  you  consider  a  spherical  cavity,  and  distribute  on 
the  cavity  a  pressure  like  that,  take  this  configuration  to  the  limit 
as  the  sphere  becomes  very  small  compared  to  the  wavelength,  then 
this  source  will  reproduce  the  long  wavelength  field.  That  is  what 
they  have  done. 
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MR.  SMITH:  That  is  an  equivalent  source  for  what  kind  of  a  far-field 
situation? 

MR.  RODEAN:  Surface  waves.  This  is  very  interesting  because  you 
(Harkrider)  first  published  this  in  a  series  of  two  papers  on  Hardhat 
and  other  events.  What  you  are  saying  is  that  when  you  take  this 
mathematical  model,  which  you  described  in  your  BSSA  paper  several 
years  ago,  and  you  calculate  backwards  to  determine  source,  you  get  an 
impulse  function  for  your  pressure— that  is  sort  of  a  pressure  impulse 
inside  your  cavity,  and  let  us  forget  about  how  big  the  cavity  is  for 
the  moment.  If  we  take  Ted  Cherry's  calculations  for  the  close-in 
elastic  response,  or  Bill  Perret's  measurements,  there  we  get,  instead 
of  an  impulse  function,  a  step  function  as  the  dominant  input  to  the 
equivalent  elastic  system. 


MR.  FRASIER:  It  is  a  band-limited  step  function.  You  see,  he  does  not 
have  infinite  frequencies.  He  is  stuck  since  his  instruments  only  have 
certain  bands. 

MR.  RODEAN:  On  the  other  hand,  if  you  just  throw  away  the  long-period 
frequencies  in  a  step  function,  then  you  are  left  more  with  that. 

MR.  TOKSOZ:  From  all  the  preceding  questions  and  discussions  it  is 
clear  that  there  is  some  confusion.  Let  me  try  to  explain  the  problem 
again.  There  are  several  factors  that  must  be  considered:  (1)  the 
shape  of  the  pressure  pulse  we  apply  to  the  small,  hypothetical 
cavity;  (2)  the  geometric  effect  of  what  happens  to  a  spherical  wave 
as  it  propagates  outward;  (3)  rheological  effects  of  the  medium  on  the 
pulse;  and  (4)  long-range  propagation  effects  of  the  layered  medium  on 
Rayleigh  waves. 

In  this  study,  all  we  correct  for  is  the  long-range  propa¬ 
gation  effects.  Thus  the  pulse  shape  we  obtain  incorporates  in  it  the 
shape  of  the  pressure  function,  geometric  effects  near  the  source  as 
formulated  in  Sharpe's  or  Blake's  solution,  and  the  attenuating 
effects  of  the  medium  as  described  by  the  stress-strain  curve.  If  one 
measured  the  radial  stress  at  a  distance  of  about  20  km  from  an 
explosion  source,  we  contend  that  it  should  look  like  our  pulse. 

MR.  RODEAN:  Isn't  another  thing  that  is  happening  here  is  that  this 
source  puts  out  only  compressional  waves  or  body  waves?  But  what  you 
are  looking  at  at  a  distance  and  then  calculating  backwards  from  is 
the  result  when  some  of  these  body  waves  have  been  somehow  converted 
into  the  surface  waves  in  your  layered  medium? 

MR.  TOKSOZ:  That  is  one  way  of  looking  at  it,  but  a  source  of  pure 
body  waves  in  a  half  space  will  generate  surface  waves. 

MR.  CHERRY:  Would  it  be  fair  to  say  that  the  units  on  that  normalized 
pressure  might  be  stress  times  distance? 
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MR.  COOPER:  How  much  difference  would  it  make  in  terms  of  your 
Rayleigh  waves  and  the  rest  of  the  solution  if  you  were  to  put  a  step 
function  in  as  the  source  function,  as  opposed  to  the  curve  that  you 
actually  have  used? 

MR.  TOKSOZ:  We  cannot  explain  the  observed  data.  To  the  best  of  our 
knowledge  the  observed  spectra  has  more  higher  frequency  components  than 
you  would  get  from  the  step  response  in  the  period  range  of  10  sec  to 
40  sec. 

■ 

MR.  ALEXANDER:  This  is  due  to  the  pressure  history  on  the  wall  of  the 
cavity,  right? 

MR.  TOKSOZ:  Don't  mention  the  cavity,  because  we  have  different 
interpretations  of  the  cavity.  1 

MR.  HARKRIDER:  As  far  as  convenience  goes,  aS  to  your  question  of 
what  we  would  rather  have,  we  would  rather  have  the  reduced  displace¬ 
ment  potentials  for  the  outgoing  waves.  They  are  easier  to  work  with, 
but  I  can  take  the  pressure  if  you  have  it.  1 

MR.  CHERRY:  In  the  linear  zone. 

MR.  HARKRIDER:  In  the  linear  zone.  I  would  rather  have  that  of  all 
of  the  things. 

MR.  CHERRY:  Sure,  but  you  would  also  like  the  reduced  pressure. 

I 

MR.  ARCHAMBEAU:  This  is  just  the  time  function. 

■  i 

MR.  RODEAN:  What  you  are  saying  is  that  the  DC  value  does  not  seem 
to  make  much  difference  for  your  surface  waves. 

1 

MR.  SMITH:  It  can't,  because  it  is  a  band-limited  system.  It  does 
see  zero  frequency  anyway.  I  think  yoti  can  look  at  this,  and  this  is 
simply  a  function  which  if  you  put  it  into  this  operator  that  describes 
the  response  of  the  layered  earth,  what  comes  out  is  the  seismogram. 

So  this  is  one  of  a  collection  of  an  infinite  number  of  possible 
functions  at  the  cavity  which  would  givo  the  same  seismogram. 

!  i  . 

MR.  RINEY:  But  if  this  is  due  to  different  models  of  his  layered 
earth,  you  would  get  a  different  function. 

?  1  {  _  1 
.  i 

MR.  ALEXANDER:  No,  he  has  equalized  out  the  earth,  and  it  leaves  this 
function. 

I  ' 

MR.  SMITH:  Say  something  about  the  frequency  range  that  you  used  for 
the  inversion,  because  I  think  that  is  pretty  crucial. 
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MR.  RODEAN:  What  is  your  bandwidth  of  surface  waves  that  you  used  to 
get  that? 

MR.  TOKSOZ:  10  sec  to  40  sec. 

MR.  RINEY:  I  am  still  confused.  This  comes  out,  and  if  you  wish  it 
is  implied  using  your  layered  model.  I  was  just  curious  about  the 
sensitivity  of  this  implied  function  from  the  variations  in  the  layers, 
thicknesses ,  and  parameters  that  you  assumed  for  layers,  and  enerqy  or 
anything  else  that  you  put  into  your  model,  would  you  always  come  out 
with  this  function? 

MR.  TOKSOZ:  This  function  depends  on  the  layering  response,  such  as 
the  layer  parameters,  but  for  any  realistic  thing  within  the  general 
range  of  layers  that  we  have,  it  is  relatively  insensitive  to  small 
variations  in  the  layer  parameters  (velocities  and  densities),  if  our 
assumption  of  flat  parallel  laye>  holds.  The  second  thing  is  that 
we  use  the  phase  or  the  dispersion  properties  of  the  medium  from  phase 
and  group  velocity  data,  we  know  within  certain  bounds  what  the 
structure  is,  and  within  these  bounds  the  amplitude  response  is  not 
going  to  change  very  much. 

MR.  RINEY:  The  second  question  I  have  is,  did  I  understand  you  to 
say  you  would  just  as  soon  have  the  reduced  displacement,  but  you 

it  is  no^cons^t6  a?dlfferent  one  from  the  one  we  9ave  you,  because 


MR.  HARKRIDER:  I  don't  know.  That  is  what  we  are  here  to  find  out. 
I  just  make  these  things.  They  look  at  them. 


«•  TOKSOZ:  The  thing  we  would  like  to  have  is  for  you  to  give  us 
thd  reduced  displacement  potential  at  some  distance  like  10  km  from  the 
source  Uself,  and  also  computed  not  only  to  half  a  second,  but  to 
about  5  sec  or  10  sec. 


MR -i  RINEY:  That  would  be  just  as  good  to  you. 

MR.  TRULIO:  How  about  giving  it  at  the  farthest  range  at  which 
material  ever  becomes  inelastic,  and  that  might  only  be  ten  cavity 


is’vlr^wrv1!™??4  * ty-  *  sufficient-  The  assumption  we  make 
ILVe+T’  V6I^  Sm  l  strains ,  so  you  can  drop  those.  We  do  not  know 
the  attenuation  behavior  or  the  material  behavior  for  finite  ampli- 

piSv3??  their^nalwm  not  break  down*  will  still  behave 
elastically.  Whether  it  would  continue  on  attenuating  heavily  like 
we  saw  in  Bill  Perret's  data  is  a  function  of  distance.  If  this  ex- 

shaDlVi^aQtnnilath0n  -S  Stlll  takl’ng  P1aC9»  we  know  that  the  pulse 
Sh  changing.  The  calculations  must  be  carried  out  to  a 

■  stlp?  h6re  he  PU  56  Chan9eS  Very  mtle’  if  any’  in  successive 


133 


MR.  ALEXANDER:  The  observed  spectra  I  showed  for  Rayleigh  waves  all 
had  the  same  shape  where  the  path  is  fixed  and  you  have  different  sized 
events  in  various  media.  Therefore,  whatever  the  code  calculations  tell 
you,  they  should  tell  you  that  these  long-period  signals  ought  to  look 
alike  for  all  of  these  different  media. 

MR.  CHERRY:  As  far  as  the  Rayleigh  wave  is  concerned,  I  think  that  is 
certainly  reasonable.  I  don  t  see  why  periods  that  long  ought  to  be 
sensitive  to  how  many  beer  cans  you  throw  in  the  emplacement  hole.  You 
have  a  cavity  20  m  in  radius  versus  a  cavity  5  m  in  radius.  Why  should 
wavelengths  as  large  as  the  Rayleigh  wavelengths  be  sensitive  to  a 
cavity  that  size? 

MR.  COOPER:  That  is  exactly  why  I  asked  about  the  detail  of  the  pres¬ 
sure  pulse  in  the  fi>st  place. 

MR.  ALEXANDER:  That  is  what  he  is  talking  about.  He  is  getting  back 
those  low-frequency  components  in  terms  of  some  time  function  you 
could  put  in  there  equally  well  with  the  explosion,  and  get  out  the 
same  thing. 

MR.  ARCHAM3EAU :  It  is  not  the  cavity  size.  It  is  the  radius  of  the 
nonlinear  zone  that  matters. 

MR.  RODEAN:  The  elastic  radiator. 

MR  SMITH:  I  think  there  is  a  big  difference  of  opinion  about  that 
zone.  I  think  the  zone  may  be  as  large  as  10  km  in  some  cases, 
because  any  time  that  you  have,  for  example,  surface  cracking  and 
permanent  strain  offsets,  then  demonstrably  you  are  in  the  nonlinear 
zone.  I  think  one  of  our  basic  differences  of  opinion  is  the  size  of 
this  zone.  I  think  the  seismologists  would  tend  to  assign  a  much 
larger  zone. 

MR.  TRULIO:  Also,  present  models  of  these  materials,  including  their 
inelastic  behavior,  lead  to  no  magic  effects  at  the  boundary  of  that 
zone.  If,  as  a  driving  condition  for  seismic  motion,  you  were  to  use 
the  history  of  motion  at  a  smaller  range  than  the  boundary  of  the  non¬ 
linear  zone,  you  would  not  see  much  difference  in  the  seismic  waves 
generated  by  a  given  explosive  source. 

MR.  SMITH:  Oh,  right,  if  we  knew  what  attenuation  and  constituent 
relationships  to  use  in  there,  yes,  but  we  are  using  information  about 
the  earth  determined  from  infinitesimal  strains,  so  we  would  like  to 
be  out  in  the  region  where  those  are  valid,  and  maybe  strains  of  a 
tenth  of  a  percent  are  too  big  for  those  to  still  be  valid. 
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Figure  44.  Schematic  Diagram  of  the  Source  Region  of  an  Explosion. 
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Figure  45.  Cracking  Due  to  an  Explosion  Source  in  a  Glass  Plate  Stressed 
Under  Tension  (114  bars).  Stress  axis  is  up-and-down  direc¬ 
tion.  Note  the  growth  of  the  cracks  in  a  direction  perpen¬ 
dicular  to  the  stress  axis. 
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The  generation  of  Love  waves  by  the  explosions  is  illustrated 
in  Table  5.  Most  of  the  events  are  large  explosions.  The  reason  for 
this  is  that  at  large  distances,  it  is  much  easier  to  get  a  better 
signal-to-noise  ratio.  The  important  factor  in  the  table  is  the  rela¬ 
tive  strength  of  the  double-couple  component  (strength  of  the  Love  waves 
measured  relative  to  the  explosive  strength).  This  is  denoted  as  the 
F  value  and  is  proportional  to  the  square  root  of  the  energy  ratio  of 
the  double-couple  component  to  the  explosion. 

We  tried  to  correlate  F  values  with  a  number  of  phenomena. 

One  outstanding  result  is  that  F  seeiffe  to  correlate  with  the  medium 
strength.  For  explosions  in  granite  l(Hardhat,  Shoal,  and  Piledriver) 
the  F  values  are  greater  than  0.90.  ^Then  conies  the  rhyolite  in  the 
range  of  about  0.95  down  to  about  0.6,  and  then  the  tuffs  anywhere  from 
about  0.55  down  to  about  0.3  or  0.4,  atodf  then ‘below  that  are  the 
alluviums,  which  from  one  example  we  have '(Haymaker)  is  about  0.3.  Tne 
explosions  in  loose  alluvium  (Sedan)  and  in  salt  (Salmon  and  Gnome) 
generated  no  Love  waves.  a./ 

We  know  that  the  generation  of  thesft  waves  is  taking  place 
in  the  source  region.  Shelton  Alexander  gave  ‘a  good  example  and  a 
good  justification  for  that.  We  do  not  know  the  exact  mechanism  of 
Love-wave  generation,  although  the  laboratory  results  give  us  some 
ideas.  Theoretical  calculations  for  these  cases,  especially  near  the 
source,  to  my  knowledge,  are  nonexistent.  If  code  calculations  can 
be  made,  they  may  help  us  understand  the  seismic  observations. 

That  is  all  I  have.  Now  we  can  entertain  questions. 
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Table  5. 


Source  Characteristics  of  a  Sampling  of 
Underground  Nuclear  Explosions 


EVENT 

MEDIUM 

(F) 

DOUBLE  COUPLE 
STRENGTH 

FAULT 

AZI. 

Pi 1 edri ver 

Granite 

3.20 

340° 

Hardhat 

Granite 

3.00 

330° 

Shoal 

Granite 

.90 

346° 

Chartreuse 

Rhyol i te 

.94 

353° 

Duryea 

Rhyolite 

.75 

355° 

Half beak 

Rhyolite 

.67 

345° 

Boxcar 

Rhyol i te 

.59 

346° 

Greeley 

Zeol .  Tuff 

1.60? 

355° 

Benham 

Zeol .  Tuff 

.85 

345° 

Corduroy 

Quarzite 

.72 

347° 

Cup 

Tuff 

.55 

200° 

Bi  1  by 

Tuff 

.47 

340° 

Tan 

Tuff 

.39 

347° 

Buff 

Tuff 

.31 

208° 

Bronze 

Tuff 

.33 

185° 

Faultless 

Sat.  Tuff 

.50 

344° 

Haymaker 

Alluvium 

.33 

340° 

Sedan 

Alluvium 

0 

_ 

Salmon 

Salt 

0 

Gnome 

Salt 

0 

OTP 
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MR.  COOPER:  I  don't  like  tn  hea+  ,  a  a  l 

Off  the  morning  by  shoiinq  Js  St,  .  0rSe:  SUJ  she!tt"'  started 
surface  waves  were  relatively  iSSnJnfvIT?^  Raylei‘gh  waves<'a"d 
think  we  understand  why  that  is  vf In  *  thf  source  re9ion.  We 

looking  at  those  differences  you  cInVnm0  i!ayl,th?tuby  theoretically 
pulse  shape  for  a  source  function  ^  °  back  Wlth  a  rather  detailed 
large  distances.  I  am  wonderina  ho!  the  se^mogram  at 

vary  that  pulse  shape  widely?  if h?  hoi -h  dlfJerence  it  makes  if  you 

SsTab?;^ 

t0  kn0W  h°"  — W  coupled  IKSittfSs  JnSffioi!* 

Sff^Lpto.a'Sta  ^*22"  °t  Ra*’^  waves  from 
the  difference.  If  one  takes  examPle>’  °"e  sees 

one  would  see  a  difference,  in  comPares.it  with  Hardhat, 

spectrum  does  remain,  but  there  is  a  tonJjeSe’  ^similarity  of  the 
s>on  in  a  given  medl^S  ^oTor'eYo  ^ ° ‘ 

MR.  ROOEAN:  Vou  mean  the  longer,  more  drawn-out  source  function? 

MR.  TOKSOZ:  More  drawn-out  (broader)  source  function. 

stated  invariant  SM*  <*  *h.  source 

ai.u  wmie  tne  pulse  shapes  were  determined? 

These^data'were  oSSin^l^the'sat^"’  '&'*'•  a"«  »"■ 

quadrants.  001  the  Same  four  stations  in  four  different 

MR.  ALEXANDER:  The  differences  in  tho  i 

Sii„„Th^u?drey‘uheSpec^ 

1 ^  ir ■«  -  - 

0^025  cm,  and  thirva?ueCifrannfeemedar  talking  ab°Ut  is  0J  CPS  to 

minimum  of  0.8  to  a  maximum  of  aboutVfi  !ary  somewt'ere  between  a 
have  looked  at.  So  T?  is  a  verfs t  ™?at?oV",^SeS  that  we 
does  not  change  very  much  Butthere  and  this  Parameter 

longer  periods9  are  ^SfatedtiS^e’Ug^fexp^?^"""9  th,t 

tions^there  utosTa'ws0^!™615  T  f0r  C ’“-I*  “’tula- 
regime  of  behavior?  and  we  do  ??p  00,!?°™  thl'caV  ]’'?ear  e,astic 

ss^jstss^sS  ?f\x£i^t Sl?  ■?  '»* 

initial  conditions,  or  inpu^t^^i^^^^-fd^^^n? 
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MR.  TOKSOZ:  First  of  all,  when  you  are  computing  the  reduced  potential 
as  a  function  of  time,  what  is  the  longest  time  (maximum  t)  you  compute 
these  things  for? 

MR.  TRULIO:  That  will  change  with  the  medium.  We  run  them  typically 
until  the  strains  that  are  taking  place  in  the  materials  are  purely 
elastic. 

MR.  HARKRIDER:  The  potential  then  just  decreases  at  1/R. 

MR.  TRULIO:  Yes,  if  you  are  talking  about  a  spherical  calculation 
now. ... 

MR.  COOPER:  How  far  did  you  calculate  Piledriver,  for  example? 

MR.  TRULIO:  We  were  really  looking  to  compare  with  just  two  gage 
stations,  so  that  is  probably  not  a  good  case.  But  we  carried  Diamond 
Dust,  for  example,  out  to  a  time  of  several  seconds,  scaled  to  a  kilo- 
ton.  That  takes  the  field  of  motion  a  long  way  into  the  elastic  regime. 


MR.  HARKRIDER:  In  other  words,  it  was  propagation  as  an  elastic  wave. 

MR.  TRULIO:  Yes.  As  a  matter  of  fact,  to  save  computing  time,  we  don't 
extend  the  region  of  calculation  much  beyond  the  eventual  elastic- 
plastic  boundary,  that  is,  the  ultimate  range  at  which  inelastic  defor¬ 
mation  takes  place  for  a  given  material  model.  What  we  do  is  compute 
for  a  distance  a  little  bit  greater  than  that  range,  and  use  the  fact 
that  the  sourer  is  in  the  interior  of  the  region  of  calculation  to  avoid 
calculating  all  of  the  exterior  mesh  points  that  you  would  otherwise  put 
in  a  finite-difference  calculation. 

MR.  TOKSOZ:  I  think  this  is  important. 

MR.  TRULIO:  You  mentioned  something  about  not  being  sure  of  the 
attenuation  factors  until  you  get  to  almost  infinitesimal  stresses. 

Is  that  a  limitation?  You  could  have  linear  behavior  taking  place, 
and  not  be  sure  of  the  linear  dissipation  that  the  medium  would 
produce.  How  low  do  we  have  to  go  in  stress?  Maybe  that  is  a  way  to 
raise  the  question.  How  low  do  you  have  to  go  in  stress  before  you 
feel  you  understand  the  earth  as  a  medium  for  wave  propagation? 


MR.  TOKSOZ:  Strains  of  10"4  to  10-5? 

MR.  TRULIO:  Even  f  the  material  is  behaving  linearly  elastically,  at 
least  under  static  conditions  at  strains  of  10-2? 
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MR.  ARCHAMBEAU:  Yes,  I  believe  so. 

MR.  CHERRY:  The  thing  that  sort  of  worries  me  now  is  not  so  much  the 
elastic  assumption,  but  the  adiabatic  assumption  that  is  in  all  of 
the  codes,  the  fact  that  there  is  no  heat  transfer  taking  place. 

MR.  ARCHAMBEAU:  How  much  basically  do  you  trust  the  results  coming 
out  of  the  code? 

MR.  TRULIO:  I  think  we  have  the  same  problem  you  do.  It  is  modeling 
the  medium. 

MR.  ARCHAMBEAU:  Things  like  cracking  and  so  on. 

MR.  TRULIO:  Yes,  the  main  problem  is  to  model  the  mechanical  proper¬ 
ties  of  the  medium. 

MR.  ARCHAMBEAU:  What  if  the  medium  is  prestressed,  say? 

MR.  TRULIO:  Then  I  would  say  the  best  results  are  obtained  for  soft 
rock  or  soil. 

•MR.  ARCHAMBEAU:  Sure. 

MR.  TRULIO:  That  is  probably  where  most  attention  should  be  put  right 
now. 

MR.  RODEAN:  But  if  you  talk  about  calculations  of  explosions  in  pre¬ 
stressed  media,  then  you  are  probably  talking  about  three-dimensional 
calculations. 

MR.  ARCHAMBEAU:  Or,  say,  two,  two-dimensional  ones. 

MR.  RODEAN:  But  how  real  would  they  be? 

MR.  ARCHAMBEAU:  I  am  sure  the  shear  fields  in  Nevada  have  two 
dimensional  symmetry  and  have  an  axis 

MR.  HARKRIDER:  Could  you  just  extrapolate  it  using  wave  theory? 

MR.  CHERRY:  Yes,  you  could  extrapolate  from  the  source  region  on  out. 

MR.  HARKRIDER:  There  is  no  sense  then  going  any  further,  because  they 
have  reached  that  point. 

MR.  COOPER:  If  you  assume  it  is  elastic  at  some  point,  then  you  can 
solve  for  elastic  response  in  a  straightforward  manner. 

MR.  TRULIO:  I  think  a  useful  case  might  be  one  in  which,  within  the 
farthest  range  of  inelastic  behavior,  you  don't  get  return  signals  so 
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early  that  the  material  inside  that  range  is  still  deforming  melasti- 
cally.  What  I  mean  is  that  there  may  be  some  interesting  cases  where 
interactions  with  interfaces  and  the  ground  surface  can  all  be  calcu¬ 
lated  as  linear  wave  processes,  because  after  a  short  time,  all  of  the 
stresses  have  decayed  to  the  point  where  nothing  is  deforming  inelasti- 
tally  any  more.  Some  material  may  have  flowed  plastically  early,  but 
not  everything  Is  behaving  elastically  again. 

MR.  ROTENBERG:  You  are  usi  ^g  a  different  material. 

MR.  TRULIO:  Yes,  the  material  is  changed  by  its  deformation  history. 

It  has  flowed  plastically  and  so  on.  It  finally  becomes  a  material  that 
behaves  elastically,  a  d  you  know  its  state  from  a  fairly  early  time  on. 

MR.  FRASIER:  Could  we  see  some  time  histories  of  some  of  theso  maybe 
tomorrow? 

MR.  TRULIO:  Yes. 

MR.  FRASIER:  At  a  previous  meeting  in  April  people  showed  that  one 
code  would  often  not  be  consistent  with  another  code  cal.  Nation.  If 
we  could  just  see  a  couple  of  time  histories  of  pressure  or  velocity 
it  would  give  us  more  of  a  feeling  for  the  solutions  going  into  the 
elastic  zone. 

MR.  TRULIO:  But  you  have  given  us  some  feeling.  10-4  or  10"5  is 
where  you  want  to  go  in  strain  before  you  trust  the  models  you  have. 

MR.  ARCHAMBEAU:  In  reality  things  are  stressed  and  quite  hetero¬ 
geneous,  and  if  you  have  strains  any  bigger,  you  get  a  lot  of  movements 
along  joints,  and  so  on.  Essentially  the  wave  does  work  on  the  medium, 
so  you  have  another  mechanism.  This  would  not  be  explicitly  considered 
in  your  codes.  That  is,  you  have  other  mechanisms  that  are  fully 

outside  the  scope  of  your  code  for  dissipating  the  energy  of  that  wave 

as  well  as  being  outside  the  scope  of  our  calculations,  so  we  want  to 
get  off  where  the  strains  are  small  enough  that  these  effects  are  not 
going  to  be  important. 

MR.  TRULIO:  If  you  describe  it  that  way,  that  you  have  slippage  along 
faults  and  so  on,  it  may  turn  out,  as  Howie  says,  three  dimensional. 

Of  course  to  calculate  such  motion  is  not  practical  at  present. 

MR.  ALEXANDER:  As  I  recall,  2  or  3  yr  ago,  and  I  have  not  kept  up  with 
your  code  calculations  that  carefully,  the  real  place  where  the  uncer¬ 
tainty  lay  was  in  being  able  to  predict  accurately  the  fracture  zone 

and  the  extent  of  the  fracture  zone.  How  well  can  you  in  fact  do  that 

from  code  calculations  in  terms  of  results  of  post-shot  drilling?  How 
well  do  these  codes  work  to  estimate  the  extent  of  fracturing  and 
crushing  and  that  sort  of  deformation? 

MR.  CHERRY:  I  can  tell  you  that  we  missed  the  Gasbuggy  chimney  by 
3  ft  or  something  like  that.  I  dor't  know. 
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MR.  PERRET:  Ted,  did  you  miss  that  by  3  ft  from  my  calculation  for 
it  or  where  it  was  measured? 

MR.  CHERRY:  No,  it  was  by  the  drilling. 

MR.  RINEY :  Let  me  ask  one  question.  Our  reduced  displacement 
potential  this  morning  in  comparison  to  Bill's  measurements,  there  was 
the  peak  that  could  not  be  explained  by  the  calculation  .... 

MR.  CHERRY:  Yes,  that  is  really  a  puzzle. 

MR.  RINEY:  That  is  a  puzzle,  and  I  would  think  that  you  would  agree 
that  those  are  probably  some  of  the  better  calculations  being  made  by 
code,  so  it  must  be  that  the  codes  have  difficulty  modeling  what  was 
actually  physically  there  as  proved  by  the  measurements. 

MR.  CHERRY:  As  far  as  the  fracture  radius  is  concerned,  I  am  not  so 
very  much  worried  about  that,  but  right  now  I  am  more  concerned  about 
the  details  in  the  pulse  shape,  like  that  initial  overshoot.  I  guess 
I  am  forced  to  believe  that  I  just  don't  do  that  so  well.  I  think 
that  may  be  more  a  function  of  how  we  start  the  problems  off,  rather 
than  a  lack  of  an  equation  of  state. 

MR.  ALEXANDER:  But  in  determining  the  far  field  there,  I  doubt  that 
bump  is  going  to  make  an  awful  lot  of  difference. 

MR.  CHERRY:  For  your  problems  it  may  not. 

MR.  TOKSOZ:  I  think  it  does. 

MR.  ALEXANDER:  That  is  sort  of  the  direction  you  are  coming  to. 

MR.  TOKSOZ:  That  is  true.  Our  results  are  converging  closer  to  some 
of  the  large  explosions  that  Bill  Perret  presented  than  to  some  of  the 
code  calculation  results. 

MR.  RODEAN:  One  other  thing,  too:  A  paper  by  Ben  Tsai  which  he  gave 
at  Woods  Hole  (there  is  a  preprint  of  it  around  by  Tsai  and  Aki).  He 
used  two  different  reduced  displacement  potentials:  one  of  them  sort 
of  oozed  up  to  a  steady-state  value  and  was  probably  based  on  a  tuff 
measurement,  and  the  other  one  had  an  overshoot  in  it  like  the  Hardhat 
measurement.  It  was  the  one  with  the  overshoot  that  did  show  a  yield¬ 
scaling  effect  as  far  as  surface-wave  spectra  was  concerned.  Not 
much,  but  that  was  the  only  one  that  seemed  to  do  it. 

MR.  CHERRY:  Is  that  good  or  bad? 

MR.  RODEAN:  I  don't  know.  I  am  just  saying  that  is  what  this  guy  got. 

MR.  TRULIO:  The  models  are  far  from  complete,  too.  There  just 
isn't  anybody  that  I  know  of  now  who  has  a  dispersive  model  for  hard 
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rocks,  jointed  and  cracked;  dispersion  from  cracks  and  joints  is  left 
out  entirely.  Whatever  wave  shape  changes  take  place  because  of  elastic 
reflections  from  boundaries  does  not  appear  in  the  calculations,  and 
neither  do  the  effects  of  simpler  kinds  of  in homogeneities,  like  a  large 
inclusion  of  a  kind  that  would  diffract  waves. 

MR.  RODEAN:  Furthermore,  in  the  cod^o  w  are  also  affected  by  the 
zone  size,  and  then  the  artificial  viscosity  starts  getting  in  there, 
too. 

MR.  TRULIO:  Yes,  those  things  are  controllable,  but  I  think  there 
really  are  some  gaps  still  in  the  models.  Maybe  the  best  way  to  go 
about  plugging  them  is  to  make  sure  you  can  model  materials  like  tuff, 
that  are  not  as  complex  as  cracked  rock.  I  think  that  to  start  with 
NTS  granite  is  probably  to  start  with  the  most  difficult  phenomena 
exhibited  by  the  spectrum  of  geological  materials. 

MR.  TOKSOZ:  Once  you  get  to  what  you  call  the  elastic  zone,  you  no 
longer  have  energy  loss  in  the  medium. 

MR.  TRULIO:  That  is  right.  With  present  material  models  you  can 
compute  far  enough  from  the  burst  point  and  far  enough  in  time,  so  that 
material  that  is  being  disturbed  for  the  first  time  does  not  get  stressed 
enough  to  make  it  behave  inelastically.  You  can  build  the  models  in  such 
a  way  that  there  is  no  level  at  which  material  will  ever  behave  elasti¬ 
cally,  but  that  is  not  the  way  we  build  them.  An  example  of  a  not-so- 
simple  kind  of  dissipation  would  be  hysteretic  behavior  at  any  level  of 
stress.  You  might  load  with  one  hydrostatic  stress-strain  slope  and 
always  unload  with  another— but  we  don't  model  materials  that  way. 

MR.  TOKSOZ:  What  Bill  showed,  if  I  remember  correctly,  for  Salmon, 
teven  at  the  distances  of  620  and  740  m),  there  was  still  a  sizeable 
loss  of  energy  going  from  one  distance  to  the  other.  If  we  assume 
that  the  material  is  lossy  (attenuating),  this  means  the  pulse  shape 
changes  unless  this  attenuation  is  very,  very  small.  If  the  calcula¬ 
tion  is  not  carried  to  the  zone  where  the  attenuation  is  very  small, 
this  means  one  would  get  a  change  in  the  pulse  shape. 

MR.  ARCHAMBEAU:  That  is  what  he  is  saying,  that  you  take  it  out 
beyond  that. 

MR.  FERRET:  I  don't  think  we  can  measure  with  our  kind  of  instrumen¬ 
tation  motions  that  will  be  in  the  region  where  the  strains  are  of 
the  order  of  1(M  or  10~5.  I  don't  think  we  can  bring  our  kinds  of 
instruments  down  that  low. 

MR.  ARCHAMBEAU.  This  is  the  insensitivity  of  the  instrument? 

MR.  PERRET:  I  think  so.  These  are  instruments  that  are  built  to 
respond  to  something  a  lot  bigger  than  that.  We  have  operated 
surface  stations  on  Jorum  and  Handley  using  logarithmic  amplifiers, 
and  got  down  in  the  neighborhood  of  10"3  g's,  which  is  two  orders 
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of  magnitude  helow  signals  from  our  linear  amplifier  systems.  But  we 
have  never  put  them  in  free-field  instrumentation. 

MR.  BROWN:  We  have  the  same  problem  with  just  laboratory  measurements 
on  rock  properties.  They  are  not  made  down  in  these  stress  levels  where 
you  are  talking  about  10-5  strain.  If  you  consider  the  modulus  of  a 
million  psi,  10-5  strain  occurs  at  only  10  psi.  We  don't  make  measure¬ 
ments  there,  and  I  don't  think  Handin  makes  any. 
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SEISMOLOGISTS  REQUIREMENTS  IN  TERMS  OF  BOTH 
OBSERVATIONS  AND  THEORETICAL  CODES 

Charles  B.  Archambeau 
California  Institute  of  Technology 


Let  me  start  by  summarizing  what  we  think  we  need,  and  then 
I  am  going  to  talk  briefly  about  some  of  the  spectral  properties  of 
the  seismic  field  that  we  observe,  and  then  mention  some  of  the  dis¬ 
criminants.  I  am  going  to  try  to  keep  this  discussion  fairly  short, 
and  depending  on  what  kind  of  questions  you  have,  I  or  some  of  the 
other  seismologists  can  elaborate. 

I  think  we  said  a  couple  of  times  that  what  we  want,  or  what 
we  need,  is  merely  the  displacement  field  in  potential  form,  for 
example,  in  the  elastic  zone.  It  has  to  be,  of  course,  something 
quite  realistic.  What  we  mean  by  the  elastic  zone  is  some  elastic 
radius  beyond  which  the  strains  are  of  the  order  of  something  like 
10-4  or  1 0- 5 .  This  will  insure  that  if  the  medium  is  jointed. and 
stressed,  which  is  probable,  then  this  level  of  strain  will  not  cause 
any  large  scale,  nonlinear  effects  associated  with  movements  alonq 
joints  and  faults. 

MR.  HARKRIDER:  Where  did  you  get  those  numbers.  Arch? 

MR.  ARCHAMBEAU:  These  are  from  strain  observations  close  to  the 
source.  We  find  that  when  we  have  strains  of  this  level,  then  there 
is  no  appreciable  movement  on  faults  or  joints. 

MR.  CHERRY:  Wouldn't  you  say  that  it  may  very  well  happen  that  the 
elastic  radius,  as  you  people  get  it,  might  be  wavelength  sensitive 
depending  on,  say,  the  size  of  the  joints? 

MR.  ARCHAMBEAU:  Yes.  This  is  always  in  the  context  of  what  band¬ 
width  we  are  looking  at  seismically.  It  is  the  seismic  bandwidth  that 
we  are  interested  in,  and  I  think  we  ought  to  specify  that.  At  the 
high-frequency  end  we  put  it  at  5  cycles,  and  at  the  low  frequency  end 
we  are  looking  at  energy  around  100  sec  or  even  greater,  but  let  us 

just  say  for  purposes  of  detection,  100  sec  is  about  as  far  as  we  are 
going. 

MR.  CHERRY:  The  thing  I  meant  was  it  might  be  that  the  elastic  radius 
would  be  different  for  the  body  waves  than  for  the  Rayleigh  waves. 

MR.  ARCHAMBEAU:  Yes.  I  think  that  is  probably  true,  but  let  us  take 
the  greatest  radius  appropriate  for  all  surface  and  body  waves  in  the 
range  of  frequencies  of  interest.  We  are  saying  that  this  is  probably 
t  e  best  practical  way  of  specifying  it,  in  terms  of  the  distance  at 
which  the  strain  is  at  most  10-4  for  any  frequency  in  the  5  to  0.01  cds 
range.  K 
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Now  we  have  observed,  of  course,  from  explosions,  that  we  have 
any  number  of  anomalous  effects  as  well,  stress  relaxation  in  the  zone 
outside  the  fracture  zone,  and  in  general  there  is  :>ome  movement  along 
cracks  and  fractures  in  this  zone.  This  closer-in  zone  is  what  one 
might  call  a  zone  of  cracking.  You  have  been  working  out  to  within  the 
fracture  zone  someplace,  from  what  I  can  gather,  and  this  is  the  end  of 
your  nonlinear  zone.  In  other  words,  at  this  point,  you  talk  about 
infinitesimal  strains  because  they  are  perhaps  10“2  or  something  of  that 
order. 

MR.  PERRET :  On  reexamination  of  our  data,  it  seems  that  our  measure¬ 
ments  yield  st.ains  of  10~3  anc|  10‘4  calculated  from  peak  particle 
velocities  or  displacement  differences. 

MR.  ARCHAMBEAU:  Okay.  So  we  are  getting  close.  It  is  some  place  near 
the  outer  radius  of  the  fracture  zone. 

MR.  PERRET:  Gasbuggy  measurements,  for  instance,  give  peak  strains  of 
about  5  x  10-3. 

MR.  ARCHAMBEAU:  That's  good.  What  we  might  need  are  measurements  out 
even  farther  to  make  sure  that  things  are  behaving  elastically. 

MR.  PERRET:  For  instance,  on  Discus  Thrower,  we  do  not  have  data  out 
in  the  neighborhood  of  10-4  0r  10-5  strain.  The  real  problem  is  that 
at  times  beyond  1  sec  our  records  indicate  from  particle  velocity 
divided  by  the  propagation  velocity  we  get  strains  below  10-6,  but  here 
we  are  down  in  the  record  noise.  I  looked  up  some  of  these  data  to  see 
what  strains  the  noise  represented.  What  I  am  s^ing  is  that  in  free- 
field  data  from  distances  like  a  few  hundred  to  a  few  thousand  feet  we 
see  no  frequencies  of  the  order  of  one  cycle  which  are  out  of  the  noise. 
Frequencies  are  all  higher  than  one  cycle  and  noise  is  of  the  order  of 
10-6  calculated  strain. 

MR.  SMITH:  The  energy  is  all  there. 

MR.  PERRET:  It  must  be. 

MR.  SMITH:  The  earth  is  acting  like  a  filter,  so  you  are  not  going  to 
see  lower  frequencies  at  greater  distance  if  it  is  not  there  close  in. 

MR.  ARCHAMBEAU:  That  is  right.  What  you  are  s^ing  is  that  the  noise 
level  is  up  above  the  energies  in  that  frequency  band. 

MR.  PERRET:  That  is  right,  and  the  strains  I  am  talking  about  are  less 
than  10-6,  i.e.,  our  noise  level  is  equivalent  to  strains  of  this 
magnitude. 
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f. 


MR.  SMITH.-  I  think  we  are  losing  perspective  here.  There  is  a  tre¬ 
mendous  amount  of  data  out  in  this  intermediate  range,  the  entire 
Coast  Survey  strong-motion  program,  but  by  the  time  you  get  so  far 
away  that  the  strains  are  that  small,  the  signal  is  totally  deter¬ 
mined  by  reverberations  in  the  crustal  layers.  y 

tJikinn^.  J BUt  Wh«  are  los1ng  sight  of  1s  the  fact  that  we  are 
surface  rotion^6^  *  d  measurements  and  00351  Survey  records  only 

ctllj'c  Th3M5  niy  P?’nt>  By  the  t1me  you  9et  far  enough  out  that 
the  strains  are  this  small,  you  might  as  well  be  at  the  surface, 

because  there  has  already  been  time  for  reverberations  in  crustal 
layers  and  surface  reflections.  tai 

thi:cPh?RET:  The.kI?d  0f  £hing  they  are  seeing  that  represents  strains 
2. 1*  bJg  are  P™bably  surface  waves  ll>ke  the  Sleigh  waves;  in  free 
field  data  we  observe  only  the  body  wave  and  there  the  dilatational 
wave  dominates  by  an  order  of  magnitude. 

MR.  SMITH:  That  is  right. 

S'.TO,  ^5?"" stra,ns  are  aw,y  by  the  tirae  y°u  «•* 

thicAn^t1BEAU:  Ini3ny  Case*  1  wanted  t0  state  at  least  roughly  at 

tP)!4Pnf  hoIh^K01"  e!5  What  had  in  mind  and  what  we  needed  in 
wnniH  Kf  b°th  obsorvations  and  the  theoretical  codes.  Actually  it 
™d*""  US6fU  f°r  US  to  have  spectral  data.  That  would^e  the 

results?™  f  f°r  US  t0  °°k  3t>  either  the  data  or  the  theoretical 

«en! that  data  ex,sts  at  those  distances-  a"d 
MR.  ARCHAMBEAU:  You  mean  the  surface  measurements? 

JlU  at.J  ?istan“  °f  5  or  10  km.  ft  does  not  make  any 
is  stm“any  ba'diy  dfstortl"  °r  3  ,eet  <)own-  The  s19na1 

MR  ARCH^AU:  Nevertheless,  that  is  our  effective  source  function 

^  hi  90  t0  ?et  anythin9  what  they  do,  it  is  going  to  have 

use  thSr-uh  i  Ca"  ‘  be  Cl?ser.fn  beca,iSe  ft  ,s  nominee?!  so9  we  a” t 
e  that.  What  you  are  saying  is  we  can't  use  anything  they  have. 

MR.  SMITH:  I  am  just  saying  we  don't  know  how  to  use  it  yet. 

MR.  ARCHAMBEAU:  Perhaps  that  is  true.  Perhaps  we  will  never  be  able 
w!  S'nfwe*  need.are  9(Vl"9  bUt  at  ,east  "  ^In-h^lMs6 
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J!Lr0?h^:.,„The  C0?eS  have  ca,cu,ated  out  to  strain  levels  on  the 
order  that  you  require. 

tSniMni°in-4  di^niJ  leCtl]  that  correctly  yesterday.  The  strains  are 
K3nd  °"5  when  .we  Stop  a  problem’  even  ^  two-dimensional 
calculations,  because  we  need  to  determine  ground  motion  at  stress 
levels  of  a  few  hundred  ps 1 . 

hnw  ?!ShAU;  76S’  tha!  ]S.easy  t0  d0*  of  course-  lt  depends  on 
how  sophisticated  your  model  is.  What  we  are  saying  is  we  need  a 

fairly  sophisticated  theoretical  model. 

MR.  COOPER:  The  amount  of  data  you  have  must  determine  how  sophisti¬ 
cated  you  are  justified  in  making  the  model.  sopnisti 

obspiSnfw''  Ye j *  thaJJs  true»  b^t  I  say  from  an  assessment  of  our 
observations  we  need  something  fairly  sophisticated.  After  all  we  are 

seeing  tectonic  release  from  these  things,  and  so  on.  Sc  that  means  we 
ire  going  to  have  to  see  something  a  little  more  elaborate,  I  think. 

MR.  CHERRY: 
any  . . .  ? 


Do  you  think  your  knowledge  of  the  structure  warrants 


MR.  ARCHAMBEAU:  You  mean  close-in  structure? 

MR.  CHERRY:  Yes. 

wha/RfHAMBEAU:  I4am  ^ust  th1nkin9  in  terms  of  teleseismic  distances 
what  we  are  measuring,  and  what  that  represents  in  terms  of  the  source’ 

tegree  of  detail  In^fh  an°mal°US  effeKcts’  and  we  are  seeing  a  fair 
degree  of  detail.  In  other  words,  our  observations,  in  total,  are 

fairly  sensitive  to  the  character  of  the  source  function,  the  eql?va- 
wpn^°UhCe  fYnct1on»  lf  you  like  to  think  about  it  that  way,  a?though 
Nafi^ho^pH™^9  10  ge,neral  1n  a  11  mi ted- frequency  band.  The  thing 
whilhSl2  f  ^e$afTiple*  ye^erdAy,  was  an  equivalent  source  function 
which  was  derived  from  very  limited  bandwidth  data,  not  unique  in  anv 
sense,  but  we  observe  in  other  frequency  bands.  In  the  body-wave 
frequency  band  we  are  observing  actually  up  to  five  cycles  in  some 

are  folnno  dT  t0  10  Sec'  So  that  we  have  various  bands  Sit  we 
are  looking  in,  and  we  are  getting  a  fair  degree  of  detail  concerninq 

the  source.  The  question  is,  is  it  at  all  justified  to  make  a  ve?v 

elaborate  material  and  geometrical  model?  I  can't  precisely  answer 

‘  q”st  »"•  Vou  might  want  to  put  In  a  certain  Zmt  of  jKng. 

tHnt  ^0nes’  and_ things  like  that  under  stress  conditions,  which  I 
think  you  are  going  to  do  anyway. 

MR  TRULIO:  Overburden  stresses  are  the  only  ones  that  we  havP 

s0  far'n  led'3'  con<lit1°"a-  I  don't  know  If  other  pec  ’"Cluded 

more  than  that,  but  we  don't.  p 


people  try  to  do 


MR.  ARCHAMBEAU:  What  about  layering? 
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MR.  SMITH:  Discus  Thrower  has  been  calculated. 

MR.  TRULIO:  Yes,  Discus  Thrower,  and  layered  basalt  media  for  another 
example. 

MR.  ARCHAMBEAU:  How  do  your  results  compare  to  observations,  for 
example. 

MR.  TRULIO:  On  Discus  Thrower,  they  were  closer  than  we  had  a  right  to 
expect  from  our  limited  knowledge  of  the  mechanical  properties  of  the 
pertinent  materials,  that  is,  the  difference  between  calculation  and 
observation  lay  within  the  variation  in  ground  motion  one  would  predict 
by  varying  constitutive  parameters  within  their  likely  limits  of  un¬ 
certainty.  There  were  no  ground  motion  data  for  the  layered  basalt 
medium  we  calculated. 

MR.  ARCHAMBEAU:  Okay,  then  it  seems  to  me  at  this  stage  what  we  ought 
to  do  is  use  those  results  and  try  to  predict  the  seismic  field  from 
them  to  see  how  that  compares  with  our  observations  in  the  far  field. 

It  seems  to  be  a  logical  and  obvious  thing  to  try  to  do  at  this  point. 

MR.  SMITH:  My  point  is  I  keep  remembering  the  data  I  have  seen  on  an 
8-km  radius  from  Jorum  and  Handley  and  things  like  this,  and  the  tre¬ 
mendous  variation  over  20-deg  azimuth  in  the  character  of  the  signal 
at  that  distance.  A  symmetric  calculation  such  as  you  are  describing 
cannot  possibly  explain  what  one  sees  at  that  distance. 

MR.  TRULIO:  The  medium  surely  exhibits  asymmetries  over  the  distances 
spanned  by  our  calculations,  but  it  is  still  modelled  as  perfectly  homo¬ 
geneous  and  isotropic. 

M!!.  COOPER:  I  think  asymmetries  exist  close  in  also.  For  even  a 
contained  burst  in  a  "homogeneous"  medium  (homogeneous  in  the  sense 
that  it  ii  one  real  material),  you  will  find  that  it  is  not  really 
symmetric.  In  fact,  the  data  would  scatter  in  one  given  direction. 

So  calculations  that  assume  symmetry  at  best  can  be  assumed  to  repre¬ 
sent  a  prediction  of  some  sort  of  a  norm  or  mean  of  what  you  are 
measuring. 

MR.  SMITH:  Then  if  we  are  going  to  work  with  some  numbers  near  the 
source  and  relate  them  to  the  far  field,  then  the  measurements  and  the 
calculations  we  need  are  practically  for  the  down  going  from  the 
source,  so  we  need  some  measurements  underneath. 

MR.  TRULIO:  I  think  the  place  to  start  is  not  with  bursts  in  NTS 
granite.  It  is  with  small  yields  in  soft  rocks,  or  dirt,  or  salt. 
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MR.  ALEXANDER:  Is  there  an/  situation  where  you  sampled  the  actual  dis¬ 
placement,  say  a  small  shot  where  you  got  a  real  good  azimuthal  variation 
and  also  some  depth  measurements?  That  would  be  very  interesting  to  see. 

MR.  TRULIO:  One  in  tuff. 

MR.  COOPER:  That  experiment  would  not  have  useful  variations.  We  dis¬ 
cussed  this  last  night.  The  measurements  were  all  in  one  direction. 

MR.  TRULIO:  That  is  almost  right.  The  measurements  were  made  not  just 
in  one  direction,  but  covered  a  small  solid  angle.  The  yield  was  small, 
and  the  experimental  and  theoretical  pulses  were  quite  similar. 

MR.  COOPER:  Frankly,  I  don't  see  how  that  really  perturbates  what  was 
said  a  minute  ago  about  using  what  is  coming  out  of  the  codes  as  input 
to  the  other  calculation.  You  are  assuming  symmetry  with  what  you  are 
using  now,  your  point  source,  are  you  not? 

MR.  ARCHAMBEAU:  No,  we  have  rather  complete  flexibility. 

MR.  TRULIO:  What  is  wrong  with  dealing  with  a  source  as  spherically 
symmetric  if  it  really  is? 

MR.  COOPER:  That  is  what  I  am  trying  to  get  at  now.  I  don't  under¬ 
stand.  I  thought  the  initial  condition  was  a  pressure  pulse  for  a 
point  source. 

MR.  ARCHAMBEAU:  Yes,  it  was.  (But  we  aren't  limited  to  that  kind  of 
representation.) 

MR.  COOPER:  That  was  the  input,  and  you  are  looking  at  surface  move¬ 
ment.  That  is  a  symmetric  problem. 

MR.  ARCHAMBEAU:  Let  me  show  you  the  next  sequence  of  figures,  which 
should  clarify  this  point 

MR,  CHERRY:  Before  you  do  that,  you  said  you  had  complete  flexibility. 
What  does  that  mean?  Did  you  have  a  three-dimensional  Rayleigh-weve 
model? 

MR.  ARCHAMBEAU:  The  source  field  need  not  have  high  symmetry.  In  that 
sense  we  have  flexibility,  but  the  Rayleigh-wave  calculations  require 
cylindrical  or  spherical  symmetry  ‘n  the  earth  model  used. 

MR.  HARKRIDER:  You  make  a  different  calculation  for  each  direction. 

MR.  ARCHAMBEAU:  We  can  expand  tne  source  in  multipoles  for  aqy  kind 
of  source  we  wish  to  consider  and  calculate  the  (free-field)  radiation 
from  it. 

MR.  HARKRIDER:  But  the  material  is  azimuthally  symmetrical,  right? 
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MR.  ARCHAMBEAU:  Yes.  We  do  it  in  a  spherical  layered  earth,  and  we 
can  do  some  other  things  for  cases  in  which  things  are  not  quite  that 
nice.  We  can  do  asymptotic  rate  theory  in  media  with  less  idealized 
properties ,  for  example.  We  have  some  considerable  computational  capa¬ 
bility  in  terms  of  body  waves  and  surface  waves.  Dave's  programs,  for 
example,  are  for  layered  half-space  problems,  so  when  the  propagation 
distances  are  not  too  great,  and  you  don't  have  to  worry  about  curvature 
then  we  can  predict  surface  waves  very  nicely.  You  can  predict  the 
source- radiation  field  for  any  kind  of  equivalent  point  source.  After 
all,  any  volume  source  can  be  mathematically  represented  by  a  point 
source,  an  equivalent  point  source  which  is  just  a  multiple  expansion. 

So  that  this  program  then  is  capable  of  modeling  any  kind  of  source. 

MR.  HARKRIDER:  Yes,  and  if  it  is  under  100  sec,  you  don't  have  to 
worry  about  the  curvature  effect  on  phase  and  group  velocity,  and  I 
can  correct  the  difference  in  spherical  and  cylindrical  spreading. 

MR.  ARCHAMBEAU:  Besides  that,  we  have  free-osci llation  programs  to 
which  we  are  adding  source  functions  to  produce  surface  waves  which 
are  equivalent  to  the  earth's  free  oscillations.  By  adding  up  all  of 
the  free-oscil lation  modes,  you  can  represent  the  total  seismogram. 

MR.  HARKRIDER:  Those  are  also  azimuthally  symmetric. 

MR.  CHERRY:  There  should  be  a  few  sources  new  where  the  calculations 
are  complete  and  they  really  are  spherically  symmetric  down  to  strains 
of  10-3.  Now  asymmetries  that  grow  will,  hopefully,  just  be  linear 
wave  propagation  dominated. 

MR.  ALEXANDER:  He  is  probably  going  to  show  some  slides  that  will  have 
that  effect. 

MR.  ARCHAMBEAU:  Let  me  show  you  two  figures  and  then  I  will  talk  some 
more  about  this  question.  Figure  46  is  based  on  Bilby  data,  and  these 
are  radiation  patterns.  These  numbers  are  observed  amplitudes  at  the 
different  stations.  We  don't  have  a  lot  of  coverage  on  this  particular 
event,  but  this  is  typical  of  what  we  see.  These  data  represent  ampli¬ 
tudes  of  a  compressional  wave,  a  body  wave,  and  the  ray  paths  are  down 
through  the  upper  mantle  of  the  earth.  We  compute  the  spectrum  of  the 
P  wave,  that  is  the  compressional  wave,  at  each  one  of  these  stations, 
and  then  we  plot  the  radiation  patterns  as  a  function  of  frequency  by 
contouring  the  amplitude  data  for  a  particular  frequency.  These 
results  are  for  1  cps  spectral  data. 

The  pattern  for  an  idealized  explosion  should  theoretically 
be  perfectly  symmetrical,  that  is,  have  circular  symmetry  around  the 
source,  and  roughly  speaking  it  does.  It  is,  however,  modified  in 
shape  by  structural  effects.  It  could  be  modified  by  stress  release, 
but  it  can  be  shown  that  tectonic  effects  on  the  P  or  compressional 
phases  are  of  second  order  compared  to  the  explosion  itself  unless  the 
stress  is  extremely  high.  So  that  tectonic  release,  if  we  adopt  that 
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Figure  46.  Bilby  P-Wave  Radiation  Patterns 


hypothesis  as  an  explanation  of  the  anomalous  radiation  from  explosions, 
can  be  shown  to  be  totally  responsible  for  SH-type  surface  waves  and  SH 
shear  waves  in  general,  and  while  it  does  rather  strongly  perturb  the 
Raleigh-wave  radiation  pattern  and  spectra,  it  does  very  little  to  the 
compression^  waves,  so  that  we  get  the  circular  symmetry  shown  here. 
This  is  a  discriminate,  because  even  while  we  have  complications  due 
to  tectonic  release  they  do  not  change  the  P-wave  radiation  very  much, 
and  as  I  will  show  a  little  later,  the  radiation  patterns  from  earth¬ 
quakes  for  compressional  waves  are  of  a  very  different  nature.  They 
are  quadripole  in  form,  or  a  s  jperposition  of  multipoles  excluding  the 
monopole  term.  So  earthquakis  correspond  to  a  high  order  of  expansions 
in  multi poles.  They  are  a  higher  order  than  the  explosive  P-wave  field, 
which  is  a  monopole  field,  so  that  we  don't  have  the  simple  circular 
symmetry  of  an  explosion.  So  this  is  one  w ay  of  distinguishing  between 
earthquakes  and  explosions.  It  works  reasonably  well,  and  it  is  one  of 
the  ways  used. 

There  are  a  lot  of  complications  that  arise  in  the  detailed 
explanation  of  the  P-wave  amplitudes  shown  on  this  Figure  46  and  I 
don't  think  I  will  go  into  them  in  detail.  But,  briefly,  there  are 
various  compressional  phases  traveling  along  different  paths  in  the 
earth's  mantle  that  come  in  at  different  distances  as  the  first 
arrival  and  we  have  to  take  that  into  account.  We  therefore  have  to 
take  into  account  what  knowledge  we  have  of  the  mantle  structure  of 
the  earth.  We  have  ignored  in  this  interpretation  the  lateral  varia¬ 
tions  of  the  earth's  structure  and  have  interpreted  these  amplitudes 
in  terms  of  one  standard  continental  structure.  You  can  do  pretty  well 
using  such  a  first-order  approach. 

MR.  CHERRY:  In  order  for  that  to  be  a  discriminate,  don't  you  need 
fairly  dense  coverage? 

MR.  ARCHAMBEAU:  Yes,  you  do.  That  is  why  it  is  less  effective, 
perhaps,  than  others.  You  need  a  good  azimuth  coverage. 

MR.  ALEXANDER:  You  don't  need  it  close  in,  though. 

MR.  ARCHAMBEAU:  You  don't  need  observations  close  in,  but  you  need 
fairly  dense  azimuthal  coverage,  that  is  right.  You  need  a  lot  of 

stations  and  you  need  to  cover  a  fair  azimuth.  Figure  47  shows  surface 

waves.  Those  on  the  left  (a  and  b)  are  Love  waves  at  two  periods,  15 

and  20  sec,  and  those  on  the  right  (c  and  d)  are  Rayleigh  waves.  This 

is  the  Bilby  explosion.  The  insets  show  what  would  be  predicted 
theoretically  if  one  assumes  a  prestressed  field  for  the  medium  which 
is  consistent  with  the  tectonic  activity  in  the  area  in  the  first  place. 

MR.  ROTENBERG:  What  does  that  mean  in  this  problem,  though?  What  is 
that  prestressed  condition? 

MR.  ARCHAMBEAU:  It  can  be  visualized  in  terms  of  an  equivalent 
shearing  couple.  It  is  a  shear  couple  with  its  axis  in  the  northwest 
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Figure  47.  Bilby  Surface-Wave  Radiation  Patterns 


direction.  If  you  have  an  explosion  in  such  a  shear  field,  you  get  a 
pattern  that  looks  like  that  shown  in  the  insets.  Again,  structure 
actually  has  a  fairly  profound  effect  on  the  radiation  patterns.  As 
these  waves  propagate  out  into  the  eastern  part  of  the  continent,  you 
can  see  that  the  patterns  are  getting  broken  up,  of  course,  and  you  see 
anomalies  in  the  pattern.  What  actually  happens  is  that  once  the  waves 
get  beyond  the  Rocky  Mountains,  for  example,  the  mantle  has  a  higher 
velocity  than  in  the  west  and  has  some  nice  properties  for  the  propa¬ 
gation  of  surface  waves.  They  are  very  efficiently  propagated  through¬ 
out  the  rest  of  the  continent.  They  have  a  tough  time  getting  across 
the  Rockies,  and  particularly,  as  Shelton  has  pointed  out  before,  the 
waves  are  generally  highly  attenuated  in  the  western  part  of  the  con¬ 
tinent  because  of  the  presence  of  partial  melt  in  the  upper  mantle, 
and  so  the  west  is  a  high-attenuation  zone.  It  absorbs  energy  fairly 
effi ci ently ,  and  the  mountains  themselves  scatter  the  surface  waves 
pretty  efficiently.  In  any  case,  you  can  see  that  the  pattern  main¬ 
tains^  shape  as  a  function  of  period,  although  this  is  not  much  of  a 
bandwidth.  We  actually  looked  at  periods  from  about  a  couple  of 
seconds  out  to  something  of  the  order  of  80  to  100  sec  with  these 
instruments,  and  the  patterns  are  maintained,  although  the  power  of 
course  goes  down  very  rapidly  at  the  longer  periods.  The  data  shown 
are  for  the  maximum  power  observed. 


Incidentally,  if  we  had  an  earthquake  at  this  point  with  this 
same  shear  field,  we  would  get  a  Love-wave  pattern  that  looked  like 
this,  except  that  it  would  be  frequency  dependent,  and  a  little  later 
I  will  present  some  slides  that  show  the  effect  for  an  earthquake  in 
this  region.  The  Raleigh-wave  pattern  for  the  earthquake  would  be 
different  than  the  one  shown  here  however. 


These  patterns  on  the  right  are  the  Rayleigh  waves.  If  one 
had  an  explosion  that  was  ideal,  with  no  anomalous  effects,  then  you 
would  expect  a  circular  pattern  just  like  I  showed  you  for  the  comp  res- 
sional  waves.  The  departure  from  circular  symmetry  shown  here  however 
is  a  pe  turbation  in  the  pattern  explained  by  the  same  tectonic  stress- 
field  orientation  and  magnitudes  as  was  used  to  explain  these  Love 
waves.  So  that  what  we  are  trying  to  do  is  explain  both  kinds  of 
surface  waves  with  the  same  source,  with  the  same  orientation  of  stress 
field  and  so  on.  The  inset  shows  the  theoretically  predicted  shape  on 
this  basis.  It  is  in  rough  agreement  with  what  we  see.  Here  again  the 
structure  in  the  eastern  part  of  the  United  States  is  distorting  the 
pattern,  and  we  don't  really  have  a  lot  of  stations  there.  But  in  any 
case,  it  looks  like  it  is  consistent  with  these  observations. 

HR.  ROTENBERG:  Can  you  explain  easily  qualitatively  why  there  is  a 
90-deg  degeneracy  in  the  Love-wave  case?  Why  do  you  have  this  quadri¬ 
pole  kind  of  pattern?  H 


MR.  ARCHAMBEAU:  Well,  this  usually  takes  a  little  time. 

MR.  ROTENBERG:  Would  you  rather  leave  that  question  for  later? 
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MR.  ARCHAMBEAU:  Let  us  just  do  it  this  way.  I  will  get  these  vectors 
turned  around,  but  it  does  not  matter--the  quadripole  is  equivalent  to 
what  we  call  a  double  couple,  that  is,  a  couple  of  forces  in  the  same 
structure  with  another  couple  pair  oriented  at  90  deg  to  it.  This  will 
give  rise  to  a  quadripole  radiation  field. 

MR.  ROTENBERG:  Oh,  I  see.  You  did  not  assume  a  simple  couple. 

MR.  ARCHAMBEAU:  No,  I  did  that  so  you  can  visualize  the  stress  field. 
Of  course,  there  is  a  Poisson  effect,  so  you  always  get  this  pairing 
effect. 

MR.  SMITH:  It  is  more  important  than  that.  If  you  do  have  shear 
release  on  a  surface  like  this,  it  is  equivalent  to  a  double  coupling, 
and  not  a  single  couple. 

MR.  ARCHAMBEAU:  You  know  that  to  begin  with,  because  you  know  that 
the  couples  have  to  be  balanced  to  conserve  angular  momentum  and  so 
there  can  be  no  unbalanced  couples. 

MR.  ALEXANDER:  This  has  been  looked  into  by  a  lot  of  different  people, 
and  if  you  have  got  to  pick  one  kind  of  point  source  to  represent  an 
earthquake,  it  would  be  a  double  couple  with  some  arbitrary  orienta¬ 
tion.  In  this  case  it  would  be  vertical. 

MR.  ARCHAMBEAU:  Yes,  this  is  vertical. 

MR.  HARKRIDER:  But  it  is  a  simple  shear  field. 

MR.  ARCHAMBEAU:  It  is  pure  shear.  Figure  48  is  the  Shoal  explosion, 
and  again  these  are  the  Love  and  Rayleigh  waves  at  the  15-  and  20-sec 
periods.  We  again  fit  the  observations  reasonably  well  with  theoreti¬ 
cal  predictions.  This  is  important,  because  we  want  to  understand  the 
long-period  surface-wave  radiation.  Since  it  affords  us  a  fairly 
sensitive  discriminant  we  want  to  understand  where  these  anomalies  are 
coming  from.  The  concept  of  tectonic  release  is  at  least  a  tentative 
explanation.  There  are  some  details  concerning  which  we  would  like  a 
little  more  information.  This  concept  seems  to  work  pretty  well 
however. 


There  are  situations  in  which  the  simple  model  that  we  have 
used  here,  which  is  really  just  tectonic  release  due  to  the  roughly 
spherical  shatter  zone,  does  not  appear  to  be  totally  capable  of 
explaining  the  observations.  Tectonic  effects  again  seem  to  be 
involved,  but  the  kind  of  tectonic  release  is  somewhat  different  in 
character  from  the  one  that  we  would  predict  from  a  spherical  symmetry 
breaking.  That  is,  it  appears  that  faulting  is  induced  in  the  medium 
or  breakage  along  a  long  fracture.  There  would  be  a  difference  in  the 
radiation  from  those  two  different  geometries.  The  results  I've  shown 
so  far  basically  assume  just  the  spheri cal -shatter  zone,  and  this 
appears  to  be  what  is  most  often  involved. 
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Figure  48.  Shoal  Surface-Wave  Radiation  Patterns. 
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MR.  CHERRY:  I  am  glad  somebocly  mentioned  equilibrium  because  that  sort 
of  bothers  me.  What  sort  of  equilibrium  state  does  this  represent  in 
the  rock  pre-shot? 

MR.  ARCHAMBEAU:  I  can  show  you  that.  I  have  done  this  study  from  the 
point  of  view  of  determining  what  the  stress  is  in  the  rock.  The 
theory  that  this  is  based  on  is  essentially  that  of  an  initial  value 
problem.  As  you  can  see,  this  is  susceptible  to  that  kind  of  attack. 

It  insures  that  the  medium  will  go  from  one  equilibrium  state  to 
another;  The  difference  in  stress  or  displacement  between  the  initial 
state  and  the  final  state  is  an  initial  value.  You  just  crank  that 
into  a  Green' s-functi on  solution,  and  out  it  comes. 

MR.  HANOi N :  But  at  the  test  site  you  do  in  fact  get  slip  by  the  fault. 

MR.  ARCHAMBEAU:  Thas  has  been  observed  at  the  surface,  indeed,  but 
that  is  almost  certainly  just  a  surface  effect. 

MP.  HANDIN:  Certainly  the  alignments  are  right  on  the  line  in  the  afte 
shook. 

MR.  ARCHAMBEAU:  There  is  no  radiation  from  them,  so  that  is  almost 
certainly  just  a  very  near  surface  effect. 

MR.  SMITH:  Well,  be  careful,  now.  Let  us  not  give  the  impression 
that  this  is  totally  without  controversy  in  the  seismological  community 
There  is  some  probability  that  part  of  this  effect  is  structurally 
nduced,  and  it  is  really  an  enigma  that  the  observed  faulting  at  the 
source,  Which  does  have  something  to  do  with  the  after  shock,  does  not 
show  up  in  the  radiation  of  long-period  waves.  I  think  it  is  somewhat 
of  a  puzzle. 

MR.  ARCHAMBEAU:  We  can  state  the  evidence  as  it  exists  now.  There  are 
observations  of  fault  movement  on  the  surface,  and  these  movements  are 
in  the  same  sense  or  direction  that  all  other  fault  movement  has  been 
in  the  region.  Just  the  same  as  normal  tectonic  movement  has  been  in 
the  pa  ;t.  In  other  words,  it  is  not  just  the  shock  wave  pushing 
things  along,  or  something  like  that.  It  is  actually  tectonic  release 
in  the  sense  that  other  faults  in  the  area  have  moved.  That  seems  to 
indicate  that  there  is  a  certain  amount  of  stress  release  on  these 


MR.  CHERRY:  Isn't  that  region  under  a  state  of  tension,  though? 

MR.  SMITH:  That  is  a  northwest  tension  that  he  has. 

MR.  HARKRIDER:  On  these  patterns  also,  it  is  just  the  amplitude.  He 
does  not  show  the  phase.  So  if  you  were  adding  it  to  a  circle,  one  of 
these. would  be  positive  and  one  of  these  lobes  would  be  negative,  and 
that  is  why  you  get  it  subtracting  from  the  circle  and  adding  out  to 
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the  circle,  even  with  the  lobes  if  they  are  the  same  size.  The  phase 
is  different  on  both  of  them. 

MR.  TRULIO:  On  the  principal  axes  there  is  a  compression  in  one 
direction  and  a  tension  in  the  other. 

MR.  RODEAN:  What  connection  does  this  have  wUh  the  statement  that 
Carl  Kisslinger  made  at  Woods  Hole  about  the  difference  between  two  of 
the  big  shots,  Benham  and  Jorum,  or  another  one?  One  had  a  lot  of 
post-shot  tectonic  release  or  after  shocks,  and  the  other  relatively 
little.  He  mentioned  that  one  was  inside  a  caldera,  and  another  one 
was  not.  The  caldera  was  like  a  hole  punched  into  the  crust  locally, 
and  therefore  there  was  relatively  little  stress  inside  compared  to 
outside. 

MR.  ARCHAMBEAU:  I  think  what  he  meant  was  that  there  was  a  stress 
concentration  in  that  area  for  the  one  explosion  and  not  the  other. 

His  argument  was  that  there  is  a  regional  stress  field,  but  that  that 
field  can  be  highly  concentrated  by  the  presence  of  inhomogeneities  of 
one  kind  or  another  in  the  medium  and  he  showed  geologic  evidence  that 
such  an  inhomogeneity  existed.  He  then  pointed  out  that  the  one  shot 
that  showed  a  lot  of  tectonic  release  was  near  this  inhomogeneity. 

The  supposition  was  that  the  stress  field  there  was  concentrated  and 
much  higher,  so  he  got  more  tectonic  release. 

MR.  ALEXANDER:  That  is  secondary,  though,  to  the  thing  that  you 
actually  observe  from  that  event.  It  is  sort  of  completely  after  the 
fact,  and  indeed,  if  you  look  at  the  signals  of  Jorum  compared  with 
Boxcar  and  some  other  ones  there,  at  a  fixed  distance,  fixed  receiver, 
there  are  virtually  overlays  in  the  long  period  portions  at  least. 

MR.  RODEAN:  So  this  was  just  sort  of  a  superposition  or  a  local  varia¬ 
tion  of  the  overall  stress  field. 

MR.  ALEXANDER:  In  other  words,  that  did  not  contribute  significantly 
to  the  primary  radiation  field  of  that  event,  but  it  was  important  in 
the  aftershock  activity. 

MR.  ARCHAMBEAU:  Let  me  go  back  to  Stewart's  comment  here.  There  are 
quite  a  few  other  possibilities  for  explaining  this  kind  of  thino.  I 
am  just  showing  you  one.  I  am  showing  you  a  theory  that  works  and 
that  uses  reasonable  kinds  of  parameters  that  can  be  put  into  the 
theory  and  agrees  with  what  you  see. 

In  addition,  there  is  other  evidence  which  is  consistent 
with  this  kind  of  explanation,  but  this  still  is  not  the  only  one  that 
might  be  operative.  It  is  clear  that  anisotropy  of  the  medium  and  other 
things  are  probably  contributing.  It  is  also  quite  possible  that  the 
strain  gradients  are  high  enough  for  essentially  finite  strain  effects 
to  have  an  appreciable  effect.  So  that  this  might  be  or  could  very  well 
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MR.  ALEXANDER:  And  no  Love  waves. 

MR.  ARCHAMBEAU:  Well,  this  has  been  shown,  yes. 

hypo  thesis .  ^  ^  °ne  °f  Str0"9e'"  arguments  for  believing  your 

MR.  HARKRIDER:  But  It  was  in  a  different  part  of  the  country. 
™PHcatedER:  “Ut  the  9eo,ogical  structure  there  was  still  pretty 


MR.  HARKRIDER:  It  was  east  of  the  Rockies. 

structure!  '*  d°eS  "0t  matter-  You  stin  have  a  “"Plicated 
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MR.  CHERRY:  The  interesting  thing  about  salt  is  that  it  is  vp™ 
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MR.  ARCHAMBEAU:  A1 luvi um  shows  small  anomalous  SH  waves. 

MR.  CHERRY:  Do  you  still  find  an  effect  in  that? 

MR.  ARCHAMBEAU:  There  are  some  Drobl«ms  rav,i  vied’ 

that.  y  prestress>  and  he  got  shear  waves  coming  out  of 

MR.  ALEXANDER:  SH  waves? 
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MR.  ARCHAMBEAU:  SH  waves.  He  had  SH  waves  from  an  explosion.  At  the 
moment  I  don't  remember  quite  how  large  they  were  relative  to  the 
explosion  itself.  I  know  they  were  small,  but  clearly  observable. 

These  are  pretty  big  effects  that  we  are  talking  about  here. 

MR.  HARKRIDER:  That  was  a  model  stucfy  he  did? 

MR.  ALEXANDER:  No,  he  actually  did  the  shot. 

MR.  ARCHAMBEAU:  In  the  field. 

MR.  HARKRIDER:  Did  he  ever  look  at  the  cavity  to  see  if  there  was  a 
different  burning  rate  in  different  directions? 

MR.  ARCHAMBEAU:  That  was  a  long  time  ago,  and  I  don't  remember  the 
details.  He  could  have  had  all  sorts  of  explanations  which  coulri 
apply  in  that  situation  to  try  and  explain  that  observation.  I  just 
bring  that  up  to  point  out  that  there  may  be  other  things  entering  into 
this  that  might  be  considered. 

MR.  ALEXANDER:  Again  on  account  of  the  collapse  data,  one  example  of 
which  I  showed  you,  where  the  expTosion  produces  love  waves  and  SH 
waves,  and  the  collapse  at  the  same  point  does  not,  it  seems  to  me 
you  cannot  appeal  to  local  scattering  and  inhomogeneities  to  explain 
the  Love  waves. 


MR.  ARCHAMBEAU:  In  that  case,  not  even  high-strain  gradients. 

MR.  ALEXANDER:  Why  not? 

MR.  ARCHAMBEAU:  Because  the  one  source  is  not  producing  the  effect  and 
the  other  is.  What  one  would  appeal  to  in  a  case  of  finite  strain’ 
theory  is  the  high  gradients,  and  they  should  still  be  there  for  the 
collapse  as  well  as  for  the  explosion.  Therefore  finite  strain  gra¬ 
dients  don't  work. 

MR.  SMITH:  But  long  periods  are  quite  comparable  sources.  They  are 
within  a  factor  of  two. 

MR.  ARCHAMBEAU:  Let  us  get  on.  We  can  discuss  this  particular  aspect 
in  more  detail  if  you  want  to  later. 

MR.  TRULIO:  What  shear-strain  amplitudes  are  you  talking  about  here? 

MR.  ARCHAMBEAU:  For  Bilby,  the  one  event  I  have  investigated  in  detail, 
they  are  quite  large,  but  that  was  in  tuff.  Tuff  has  ridiculous  elastic 
properties.  But  in  any  case  the  strains  were  like  2  x  10-3,  and  such  a 
strain  in  tuff  corresponds  to  a  stress  of  70  bars.  The  USGS  went  out 
and  measured  a  stress  of  70  bars  by  overcoring  methods,  so  at  least  two 
experiments  gave  the  same  answer. 
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Figure  49  is  based  on  earthquake  data,  and  these  are  the 
radiation  patterns  you  see  for  earthquakes.  This  is  the  Fallon  earth¬ 
quake,  which  occurred  essentially  at  the  site  of  the  Shoal  explosion, 
so  this  pattern  should  be  compared  with  previous  ones.  The  theoretical 
pattern  in  the  inset  is  something  that  Dave  Harkrider's  program  com- 
putes,  and  this  is  the  radiation  pattern  you  should  see  for  a  particular 
choice  of  parameters  of  the  fault.  It  was  concocted  in  order  to  give 
an  approximate  fit  to  these  observed  patterns.  This  is  the  Love  wave 
The  four  observed  patterns  are  at  different  periods. 


.  What  I  want  to  especially  point  out  is  that  the  theoretical 
model  is  a  quadripole  point  source  in  layered-earth  model.  Real 
earthquakes  are  more  complicated  than  that.  However,  at  long  periods 
they  look  like  quadripoles,  because  the  higher  order  multipoles  become 
less  important  at  the  longer  periods.  The  higher  order  multipoles  are 
more  important  at  the  higher  frequencies.  So  what  happens  is  that  at 
higher  frequencies  the  conglomeration  of  multipoles  that  is  equivalent 
to  an  earthquake  add  up  to  give  you  a  nonsymmetric  field,  so  the  pat- 
terns  lose  some  of  their  symmetric  properties.  In  particular,  energy 
tends  to  be  thrown  in  the  direction  of  faulting  or  rupture  propagation. 


.  Energy  is  preferentially  radiated  along  the  axis  of  fracture. 
At  high  frequencies,  that  is  short  periods,  one  expects  to  see  larqer 
ampbtudes  in  the  direction  of  rupture,  and  as  the  period  of  the  radia¬ 
tion  field  gets  longer,  you  expect  to  lose  that  effect.  It  becomes 
more  quadripole  in  nature.  The  theoretical  pattern  shown  therefore 
only  applies  to  the  longer-period  radiation.  We  can  predict  the 
shorter-period  stuff,  too,  in  terms  of  a  more  sophisticated  approach. 


MR.  COOPER:  Is  there  some  way  to  use  the  theory  to  predict  the 
direction  by  some  independent  input  parameter?  Or  are  you  bound  to 
seeing  what  fits  the  experiment,  or  the  earthquake  in  this  case? 


MR.  ARCHAMBEAU: 
field? 


You  mean  prior  to  the  earthquake  look  at  the  stress 


MR_  COOPER:  Are  there  independent  parameters  that  one  can  define 
orientation?*^  thC  °bserved  event  t0  P^di'ct  the  direction  of  the 


MR.  ARCHAMBEAU:  Well,  you-  can  look  at  the  fracture. 

MR.  SMITH:  The  pre-existing  fracture. 

correfate?-'  YeS*  pre"existln9  fracture  and  whatever  else.  Does  this 


MR.  ARCHAMBEAU:  Yes. 

MR.  COOPER:  It  is  a  predictable  direction? 
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Figure  49.  Fallon  Love-Wave  Radiation  Patterns 
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MR.  ARCHAMBEAU:  Yes,  it  is  a  more  or  less  predictable  direction. 

MR.  ALEXAN  ZR:  The  length  depends  upon  the  size  of  the  earthquake. 

MR.  PERRET:  This  is  not  in  Fairview  Valley.  This  is  over  farther 
toward  Fallon? 


MR.  ARCHAMBEAU:  Yes,  I  think  so.  I  don't  remember  that,  though. 

MR.  PERRET:  They  are  about  20  miles  apart,  and  I  thought  the  fault  up 
there  in  the  Fairview  Peak  area  leaned  more  toward  the  west. 

MR.  ARCHAMBEAU:  Yes,  perhaps  that's  true. 

MR.  HARKRIDER:  About  5  deg  to  the  west. 


MR.  PERRET:  I  just  wondered  what  the  difference  was  between  the 
direction  of  this  pattern  and  the  direction  of  the  Shoal  analysis? 


MR.  ARCHAMBEAU:  They  are  different  by  from  10  to  15  deg.  Of  course 
try  opinion  of  what  happens  at  the  surface  is  that  it  does  not  neces- ’ 
sanly  very  closely  relate  to  what  happens  at  depth,  so  you  can  be 
misled.  At  least  if  it  is  within  the  ball  pane,  20  deg  or  so,  that  is 
good,  particularly  if  you  are  observing  at  the  surface,  which  is  an 
anomalous  place  to  observe  anything,  especially  with  respect  to 
tectonic  effects. 


MR.  HARKRIDER:  And  it  was  a  20-km  depth  earthquake  anyway. 

MR.  ARCHAMBEAU:  So  it  was  quite  deep  relative  to  events  in  California 
or  in  this  western  region.  I  want  to  point  out  also  that  there  are 
strong  structural  effects  here.  We  are  plagued  in  all  of  these  pattern 
studies  by  the  fact  that  the  crust  and  upper  mantle  of  the  earth  are 
highly  variable  laterally.  This  will  lead  to  strong  amplitude  varia- 
tions.  For  example,  if  you  look  over  here  due  west  of  the  event,  this 
!^i2n  u  e  is  always  anomalously  low  in  amplitude,  and  really 

n^P  t6’  ' alth5u?J  °n®  can,t  be  sure  that  it  is  not  on  one  of  these 

node  lines  here,  and  that  the  pattern  is  twisted  around  somehow.  But 

in  any  event,  the  structure  has  a  whopping  effect  on  the  radiation 

^•ml^\ar9Ue,J0r  examPle>  that  this  pattern  does  not 
really  show  this  higher  amplitude  up  to  the  north,  but  that  all  you  are 
basing  this  argument  on  is  the  relative  amplitude  compared  to  one 

pffprt^^H  and  y?^.m1’9ht  say,  well,  that  is  just  a  structural 

Whlt  L  ®  4-J-hab®  anytbmg  much  to  do  with  the  source  character. 
Wh8t  we  need  in  this  kind  of  stuefy  is  more  stations,  and  better  azimuth 
control  to  be  sure  whether  structure  or  source  properties  are  control¬ 
ling  the  radiation  pattern.  But  theoretically  we  get  a  prediction  of 
asymmetry  in  the  pattern  such  that  more  energy  is  being  radiated  in  this 
direction  to  the  north  and  this  effect  change  and  dies  oTaTa 
function  of  the  period.  If  you  look  at  these  patterns  observational ly , 
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this  prediction  is  not  inconsistent  with  the  observations;  or.  the 
other  hand,  it  cannot  be  definitely  confirmed  either.  It  is  only  at 
the  Short  periods  where  this  station  to  the  south  has  a  lower  ampli 
tude  than  these  up  to  the  north,  and  this  is  consistent  with  the 
theory. 

MR.  ROTENBERG:  The  black  dots  are  the  stations? 

MR.  ARCHAMBEAU:  Yes. 

MR.  ROTENBERG:  That  is  a  lot  of  structure  you  put  in  there  on  the 
basis  of  a  few  points. 

MR.  ARCHAMBEAU:  Really  one  should  hesitate  in  doing  this  kind  of 
thing  at  all  with  this  much  data,  except  to  demonstrate  consistency 
with  the  theory.  However,  the  gross  features  I've  discussed  are 
standard  observations. 

MR.  HARKRIDER:  It  shows  it  is  consistent  with  the  theoretical  radia¬ 
tion  pattern.  The  dashed  lines  are  his  guess  essentially. 

MR.  ARCHAMBEAU:  There  were  a  lot  of  reasons  for  doing  this  as  well  as 
to  show  consistency  with  the  theory.  People  were  taking  long-distance 
observations  of  radiation  from  earthquakes  and  making  a  lot  of  pre¬ 
dictions  based  on  these  long-distant  observations.  I  wanted  to  show 
that  the  structural  effects  were  strong  enough  to  cause  all  sorts  of 
anomalies,  and  these  patterns  are  an  effective  means  of  showing  up  such 
anonal i es . 

MR.  SMITH:  This  would  be  a  good  point  to  bring  out  what  kind  of 
close-in  data  would  be  required  in  order  to  confirm  this  hypothesis. 

MR.  ARCHAMBEAU:  What  we  need  is  perhaps  two  rings  of  stations  fairly 
close  in,  hopefully  within  a  structural  province,  if  we  could,  that  is, 
where  lateral  variations  were  not  so  strong.  Ideally  what  we  would 
like  would  be  an  underground  explosion  in  the  middle  of  a  shield, 
surrounded  by  a  couple  of  rings  of  fairly  close-in  stations  within  the 
confines  of  that  structural  province,  so  that  you  have  a  nice  very 
predictable  structure  with  small  lateral  variation,  and  then  we  could 
look  at  the  pattern  as  a  function  of  frequency,  and  really  nail  this 
down  in  terms  of  whether  it  agrees  with  all  our  theoretical  oredictions 
or  not. 

MR.  ALEXANDER:  There  is  another  way  you  can  take,  too,  and  that  is  to 
simply  use  other  distant  events  to  get  the  transfer  function  independent 
of  where  the  event  of  interest  is  located  and  use  that  empirical  trans¬ 
fer  function  to  adjust  it. 

MR.  ARCHAMBEAU:  Right.  That  is  the  kind  of  thing  that  Shelton  has  been 
doing,  I  think. 
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MR.  ALEXANDER:  Yes,  so  you  can  get  rid  of  the  structure. 

MR.  ARCHAMBEAU:  However  it  would  be  nice  to  do  one  experiment  like 
this  that  is  really  controlled.  Of  course,  I  think  it  would  require 
a  little  more  thinking,  but  in  any  case  that  kind  of  experiment  would 
be  very  nice  since  we'd  have  close-in  control  and  azimuthal  coverage. 

MR.  SMITH:  That  is  essentially  what  McKevely  has  tried  to  do  in  the 
last  two  large  explosions. 

MR.  ARCHAMBEAU:  He  is  very  close  in. 

MR.  SM~'H:  Why  don't  you  use  his  numbers  rather  than  these? 

MR.  ARCHAMBEAU:  He  is  like  10  km  away.  I  am  talking  about  a  couple 
of  hundred. 

MR.  SMITH:  But  if  you  are  at  a  10-km  ring,  you  can  get  a  whole  lot 
more  azimuthal  coverage  with  a  fixed  number  of  stations. 

MR.  ARCHAMBE/'U:  We  are  talking  about  surface  waves,  now,  long-period 
surface  wave?  .  We  want  to  get  one  wavelength  away  from  the  source  in 
the  appropriate  period  range. 

MR.  HARKRIDER:  That  is  about  50  for  these. 

MR.  ARCHAMBEAU:  For  a  100-sec  wave,  you  want  to  be  a  couple  of  hundred 
kilometers  away,  so  that  you  have  a  surface  wave  that  means  something. 

MR,  SMITH:  But  this  is  why  I  brought  this  up,  because  the  code  calcu¬ 
lations  are  always  providing  the  near  field.  We  really  ought  to  be  able 
to  relate  that  calculation  to  what  you  are  trying  to  do  here.  It  seems 
to  me  we  have  a  better  chance  of  doing  that  if  you  can  work  closer  in. 

I  don't  really  see  why  it  is  necessary  to  be  a  wavelength  away. 

MR.  ALEXANDER:  If  you  have  what  is  going  on  there,  then  you  can  calcu¬ 
late  it,  right? 

MR.  ARCHAMBEAU:  We  have  a  theoretical  model  that  we  want  to  test.  What 
you  want  to  ask  is:  all  right,  does  this  compare  with  the  theory 
or  not,  and  if  it  does  then  you  have  a  far- field  theory.  That  is,  it 
is  applicable  at  a  wavelength  away  and  beyond  for  the  surface  waves. 

MR.  SMITH:  Then  you  are  never  going  to  be  able  to  use  the  reduced  dis¬ 
placement  potential  if  you  cannot  figure  a  way  to  convert  that  near 
field  to  the  far  field. 

MR.  ALEXANDER:  To  do  the  Love  waves,  you  have  to  have  the  SH  displace¬ 
ment  potential. 
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MR.  RODEAN:  But  your  reduced  displacement  potential  by  definition  does 
not  give  you  that. 

MR.  HARKRIDER:  We  need  a  reduced  vector  displacement. 

MR.  ARCHAMBEAU:  That  is  right,  a  three-dimensional  code.  We  need  a 
vector  potential. 

MR.  BROWN:  Do  you  see  much  local  discrimination  by  these  radiation 
patterns  between  nuclear  events? 

MR.  ARCHAMBEAU:  Well,  yes,  we  do.  I  think  that  basically  what  we 
have  been  using  however  are  spectral  differences  rather  than  differ¬ 
ences  in  the  pattern  shapes. 

MR.  ALEXANDER:  It  is  not  the  symmetry,  but  it  is  the  distribution  of 
energy  between  the  compress ional  waves  and  the  surface  waves.  That  is 
basically  the  discriminant.  Explosions  tend  to  distribute  relatively 
more  energy  into  the  P  waves  than  do  these  shear-type  sources,  which 
contribute  more  energy  to  the  surface  waves. 

MR.  BROWN:  This  in  effect  changes  that  quadripole  to  a  monopole.  The 
monopole  becomes  more  pronounced. 

MR.  ALEXANDER:  Yes.  In  other  words,  the  monopole  is  being  generated, 
even  if  there  is  this  tectonic  component.  The  monopole  is  still  super¬ 
imposed  on  that,  and  it  has  a  big  effect. 

MR.  ARCHAMBEAU:  I  nave  some  spectra  to  show  you  in  this  regard. 

MR.  BROWN:  So  there  should  be  some  discrimination  other  than  just  in 
the  shape  of  these. 

MR.  ARCHAMBEAU:  Yes,  these  shapes  could  be  used  also,  but  the  structure 
is  what  kind  of  kills  you  on  this,  the  lateral  variations.  For  example, 
these  are  all  Love  waves  on  Figure  49.  The  only  difference  between 
this  pattern  and  that  for  the  explosion  you  saw  berore  was  this 
frequency-dependent  effect,  so  that  is  pretty  hopeless  to  try  to  use 
this  difference  to  discriminate.  It  has  not  been  used.  The  Rayleigh- 
wave  and  congressional -wave  patterns  do  have  quite  different  shapes, 
but  the  azimuth  coverage  required  for  discrimination  reduces  the  use¬ 
fulness  of  these  differences. 

MR.  ALEXANDER:  There  is  another  way  to  get  around  it,  and  that  is  to 
use  a  reference  event.  If  you  can  document  for  one  single  event  very 
well  what  is  going  on,  then  you  use  that  as  a  reference,  and  you  then 
eliminate  the  propagation  effect  entirely  just  by  normalizing. 

MR.  ARCHAMBEAU:  Even  so,  it  has  not  been  shown  using  that  technique 
either  that  there  is  this  frequency  effect,  the  frequency-dependent 
radiation  patterns  for  earthquakes,  whereas  the  shape  of  the  radiation 


pattern  is  not  frequency  dependent  for  explosions.  That  has  not  become 
a  viable  discriminant. 

MR.  ALEXANDER:  In  effect  I  have  done  that  for  Longshot  and  an  earth¬ 
quake  in  the  same  area  and  proved  that  there  is  indeed  a  frequency- 
dependent  radiation  pattern  for  the  earthquake. 


MR.  ARCHAMBEAU:  That  is  good.  Theory  predicts  that  but  we  have  never 
really  gotten  down  to  getting  a  great  deal  of  hard  data  to  show  that  it 
in  fact  happens  for  a  specific  event.  That  is  hard  to  do  because  of 
structural  effects  as  these  past  slides  I've  shown  suggest.  But 
Shelton  cancels  out  the  structural  effects  by  using  a  reference  event 
and  dividing  out  the  structural  and  propagational  effects. 

These  are  kayleigh-wave  patterns  in  Figure  50  and  these 
patterns  are  frequency  dependent  in  theory.  The  inset  is  calculated 
from  a  simple  double-couple  model.  The  calculations  are  from 
Dave  Harkrider's  program  again.  Because  of  the  depth  and  orientation 
of  this  quadripole  we  get  an  additional  frequency  dependence  in  the 
pattern.  If  you  remember,  the  explosion  had  no  frequency  dependence 
in  its  radiation  pattern,  and  it  had  a  different  shape  than  this.  We 
haven't  really  used  this,  either,  as  a  discriminant,  although  this 
difference  does  exist. 

MR.  ROTENBERG:  Why  is  it  not  symmetric  now  as  the  other  one  was?  What 
is  different  about  it? 

MR.  ARCHAMBEAU:  It  is  because  of  the  orientation  of  the  fault  with 
respect  to  the  horizontal  layering. 

MR.  HARKRIDER:  A  better  way  of  spying  it  is  that  strike  slip  and  dip 
slip  give  different  amounts  of  Rayleigh  and  Love,  and  this  is  a  combi¬ 
nation  of  dip  slip  and  strike  slip  on  this  one,  since  he  has  a  slip 
angle  of  196  deg,  which  means  that  it  has  a  component  of  about  16  deg 
of  dip  slip,  if  you  want  to  call  it  that. 

MR.  ARCHAMBEAU:  In  other  words ,  the  idea  is  that  this  pattern  changes 
as  you  twist  the  orientation  of  this  double  couple  around  in  a  layered 
medium,  and  since  the  surface  waves  come  from  the  interference  effects 
in  the  layering  when  the  source  is  not  oriented  with  a  symmetry  axis 
along  the  perpendicular  to  the  layers,  then  the  energy  interferes  con¬ 
structively  in  different  directions  for  different  frequencies.  That  is 
just  the  waveguide  phenomenon. 

MR.  COOPER:  Could  you  do  a  3-D  problem? 

MR.  ARCHAMBEAU:  In  a  limited  sense,  yes.  The  patterns  of  P  waves  and 
waves  from  these  sources  are  spatially  dependent  and  the  source 
pattern  does  not  have  the  symmetry  of  the  layered  model. 


171 


MR.  HARKRIDER:  No,  it  is  just  two  dimensional. 

MR.  COOPER:  It  is  a  three-dimensional  pattern.  That  is  what  I  am 
trying  to  bring  out. 

MR.  ARCHAMBEAU:  Oh,  the  propagation  effects  I  should  s^y  are  obtained 
from  a  two-dimensional  layered-earth  model  and  the  source  is  three 
dimensional  since  it  can  be  taken  to  have  any  orientation  in  a  layer. 

So  these  patterns  are  frequency  dependent. 

apt  n.,t  a  n0t  Say  that  this  data  is  terribly  good.  Once  you 

rea^^efini tion^^fal r?y*close°in?r  WOrdS ’  the  P'“»  "•» 

MR.  COOPER:  I  still  am  a  little  confused  about  the  question  asked  a 
while  ago.  The  dots  arc  the  data  points  here?  q  asked  a 

MR.  ARCHAMBEAU:  Yes. 

S°PE?:  H0W  du  Xou  distin9uish  between  this  shape  from  the  data 
drawino  th*136  you,had  a  moment  ago?  How  much  interpretation  is  in 

orMthe^pre  vi  ou^f  i gure  ?  “  °PP°Sed  t0  the  S)'"retr,'c  ‘ieK  *«u  l»d 
MR.  HARKRIDER:  He  just  contours  those  numbers. 

lR;nAh^HAM8EJU:-  Yo-  conto“r  thpm  that's  all.  Of  course  you  really 
TOan  now  much  bias  is  put  into  the  contouring  in  order  to  get  that 

Aft6L 3  ’ xWe  have  the  data  here»  and  Wfi  can  quickly  see  that 

£han  °f  P05*11?1 1  ities  ‘  What  we  are  showing  here,  ^re 

than  anything  else,  is  consistency  with  the  theory.  If  we  had  more  data 
and  more  azimuth  coverage,  then  it  would  be  tighter. 

f,mr^RRYh  You  haye  not  changed  the  orientation  of  the  source 
function,  have  you,  for  each  of  these? 

MR.  ARCHAMBEAU:  No. 

MR.  CHERRY:  And  you  have  not  changed  its  strength? 

MR.  ARCHAMBEAU:  Yog  mean  for  the  earthquake  compared  to  the  explosion? 
MR.  CHERRY:  No,  for  each  frequency. 

MR.  ARCHAMBEAU:  For  each  frequency,  no. 

MR.  CHERRY:  It  apparently  just  comes  out  of  your  analysis  that  the 
surface-wave  radiation  patterns  are  frequency  sensitive! 


173 


lunToTdlp^^Ld'st^e'sHD  U.{S  T  »«»««.  of  the 
more  efficient  than  S  s?Hke  s  i  enS  ,^  hi"  ?P^S  ,the. diP  *'iP  ^ 

you  get  near  the  surfarp  tho  ?•  other  depths  it  is  not.  When 
ferent  f^veXs*™'""4  fcr 

j^“E,Re  anr?ke“fjrar„::rrs!:^eor,tS  ?re^atir- 

gene?atJr1Sfetey?“ghaiaTesf  ‘sTtEt'li  SE’  3!“  3  ;?,at,ve1n»°? 

primary  field  of  Rayleieh  waves  thf  Pertbrbation  into  the 

El  ?h“ cer~ 

of‘three^or  S™  E?  in"  £ 

tsrs^s€ Ei£i?3to 

symmetric,  and  that  meanq  that-  fhQ  that  he  showed  are  roughly 

culated  a  d  ionJf^e™  ,Lr?™ntallv  JhTw  d,sP1ace™?t  Potential  cal- 
source  should  be  able  to  Srt  iiw!  T  pe°p,e  do  close  t0  the 

other  consideraMonsabiut  teutonic  release  ?;thout  any  of  these 
Hy  understanding  is  that  they  do  not  predict  the^  ftold^  ??  forth- 
to  me  we  ought  to  focus  a  little  bit  Sn  that  prebfem.  ‘  ^ 

HR.  RODEAII:  The  far  field  of  what  kind  of  waves? 

magnitude  mbC?sVcalcu°atedW3VeS  ’  ^  W3VeS  from  which  the  boil)'  “o'® 

SipKt  S&SSSffi  “JsCtU,SenhnSaidt3Hrt*n9tW,ihrthe  redu“d 

e  stwss  Sisasas*-  “■ 

MR.  CHERRY:  It  was  Pn,  I  think. 

MR.  RODEAN:  Yes. 

asl  ftsKjstrix-wS  rs** • »*• 

talking  about  now  is  something  more  refined,  so  we  are  not 
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know  more  about  htlie^tructure'of  the’earth™3"5  that  “e  juSt  have  t0 

day,  even^ though8^1  s true ture^was^neaHv^in^o^10”6^  the  very  f1rst 
tVharjar°nS  i"  !»  f™  evlntsear|<1  "i  ftMtatta  . f {  big 

that  seems  to  be  quite  variable.  tne  excitat1on  of  Pn 

pfacflary  c1,SsS0todtheasSirL?hp2rta^sail thfS*  V?r]ati°ns  are  taki"9 
source,  where  the  real  differences  P  th  kl1ometer  of  the 

ThRe 

MR.  ALEXANDER:  Oh,  yes,  but  what  ho  +•  a 

source  of  variation.  It  has  a  bia  pfforfd  do.was  9et  rid  of  that 
receiver  are  in  conrnon  then  thp  but  Slr1ce  the  path  and 

the  source.  That  is,,  suppose  you  det™atpStwn\hnJy  be  atJributed  to 
size  at  approximately  thesame  location  Sb°ts  ?xactly  the  same 

same  receiver  so  that  the  nath  !? CJf 1on»  ai?d  you  receive  them  at  the 

events.  Co^on?y  the  two  seen,  to  iaJvfrSTJ*  Cr0n  t0  the  two 
In  other  words,  the  Pn  magnitude  you  would  get  for°thnLTte  t  bit’ 

tion  tendattSnaJera5eC™tewhlII  yo^cmnrt^th  T'1t“de-  ™s  varia- 
averaging  a  whole  set  of  different  obse’rvaUnV 


not  reproducible?  ^  "*  a,m°St  Say1"9  15  that  «■  experiments  are 

«atS“,  have^o^ources^ssentiaHy^auiv  si*“ati°"  likd 

another,  and  you  observe  thpm  with  ■  a  y  equivalent,  nearby  to  one 
test,  to  see  Sethe>Tnot  ^  ar  "he 

nice  to  see  what  the  theoretical  nrpdovf-S  m6,  T5at  1s  wby  lb  would  be 
there  are  particular  onls  T whiff JhlffT*9"6  for  s?me  of  these*  If 
field  observations.  '  theSe  data  are  avai labl e,  also  the 

of  these^reduced  **«  "  -9b‘  to  take  sore 

taking  into  account  what  we  know  about  tho  Jfens  agam,  all  over  again, 
something  better  than  si,"  ™  the0?y  Structure  and  P^haps  using 

MR.  ALEXANDER:  I  do  not  think  that  ic  + 

showed  yesterday  in  the  actual  observed  ^edUced'd^snf 16  What  we 

because  as  you  go  from  one  sidp  nf  l  i  d  !  displacement  potentials, 

changed  in  shape  rather  significantly.  sTw'ha?  fs'gS^g  2*E  SSES" 5 
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at  some  distance  depends  on  where  in  that  structure  you  set  off  the  ex¬ 
plosion.  That  P«  arrival  represents  a  little  pencil  of  energy  that  is 
going  out  from  the  source. 

MR.  CHERRY:  It  may  very  well  be  that  Pn  is  not  a  good  thing  to  use. 
it  does  take  into  account  such  a  small  part  of  the  source  region. 

MR.  ALEXANDER:  This  is  what  we  would  like  to  get  a  feel  for  in  terms 
of  the  actual  calculations  and  observations. 

MR-  CHERRY:  It  has  always  been  my  feeling  that  the  Rayleigh  wave  is  a 
much  better  thing  to  use  for  yield,  because  it  samples  so  much  more  of 
the  structural  environment. 

MR.  ALEXANDER:  Yes,  I  think  that  is  a  fair  statement. 

MR/  ARCHAMBEAU:  Figure  51  shows  theoretical  displacements,  velocity, 
and  energy-density  spectra  with  arbitrary  scaling  for  a  relatively 
simple  model  of  an  earthquake.  The  model  used  is  what  is  called  a 
stress-relaxation  model,  and  the  idea  is  to  compute  the  spectrum  close 
in  to  the  source,  the  "free"-field  spectrum.  The  assumption  is  that 
the  medium  is  stressed  and  that  a  roughly  spherical  zone  of  melting 
occurs,  which  grows  at  some  rate  which  is  less  than  the  shear  velocity. 
You  can  consider  a  more  elaborate  geometry,  that  is,  long  narrow  ellip¬ 
soids,  planes,  and  so  on,  but  this  is  adequate.  By  the  way,  the  calcu¬ 
lations  for  more  complicated  geometries  have  not  been  done  yet,  and  I 
am  in  the  process  of  doing  them.  But  this  rigure  illustrates  the 
essential  structure  of  the  spectra. 


..  a  *  ^He  sPectrum  falls  off  with  increasing  frequency 

asymptotically,  at  least,  like  1/uj2  or  l/u3,  in  that  range,  in 
addition,  it  peaks,  and  the  peak  occurs  at  a  frequency  which  is 
associated  primarily  with  the  size  of  the  event,  the  size  meaning  the 
long  dimension  of  the  failure  zone.  Asymptotically  at  long  periods, 
t.iat  is  low  frequencies,  it  falls  off  like  u,  roughly,  although  this 
plot  does  not  indicate  that  too  well.  In  any  case,  it  falls  off  like 
a),  so  what  we  have  to  do  is  contrast  this  kind  of  spectrum  with  that 
expected  from  an  explosion  to  determine,  at  least  in  theory,  what  dis¬ 
criminants  might  be  available  to  us.  We  have  done  this  observational ly 
and  we  are  still  in  the  process  of  defining  the  most  sensitive  simple 
measure  of  the  spectral  differences.  The  differences  in  earthquake  and 
explosion  spectra  which  are  found,  however,  are  principally  at  the  long 
periods.  The  predominant  differences  are  there  in  the  long  periods,  so 
that  is  one  of  the  means  we  have  of  discriminating. 


Figure  52  shows  spectra  obtained  by  Smith  and  Sammis  of 
Cal  Tech.  They  conducted  an  experiment  in  which  they  looked  at  nearby 
micro  earthquakes.  One  of  the  problems  we  have  which  is  similar  to 
the  problems  you  are  having  measuring  things  close  in,  is  in  measuring 
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Figure  51.  Theoretical  Earthquake  Spectra  Structure. 
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Fl9Ure  52’  Srilh  Micr°-Earth(luake  Spectra  (Samrie 


the  spectrum  of  congressional  waves  at  any  distance  It  ic  nnt  an 
problem  by  any  means.  Smith's  observations  here  show  spectra  that 
shaped  roughly  like  those  theoretical  spectra  that  Ishowed before 

ani;re^ctrs:  rs-rsT-  ^  ^  ^ « Sara 

«,!/ Xt'FZ  ?eng?h1fftrheUrllpCtu«  3  XT 

the 

calculate  how  extensive  the  fracture  zone  was 

™neTore?Exi  i™?*  Jot?0'  re,ated  l°  Wlnd°"  ,e"9tn-  That  is  Pseudo 
MR.  ARCHAMBEAU:  The  effect  of  truncation  is  present,  yes. 
MR^HARKRIDER:  Tou  are  sure  of  that?  Because  it  looks  like  a  modified 

?i?e  Ere  tK,^°2stu“{2k:,,a:  zire  in  the  penod  °f 

h fgh- frequency *def ini tio^m^t^certai^nly^  ^  th1"9  that  limits  the 
MR.  HARKRIDER:  The  peak  was  important,  not  the  holes. 

MR.  ARCHAMBEAU:  The  holes  are  spurious  probably. 

MR.  SMITH:  The  finite  source  is  not  sine  X  over  X. 

soiirce?l<RIDER:  1  kn0K  U>  but  is  U  Mthdow  length  or  is  it  the 

MR.  ALEXANDER:  Were  those  velocity  spectra  you  were  look  ng  at? 

MR.  HARKRIDER:  Those  were  velocity  spectra. 

!Twl?r“™i„.\di5P’ah“"etnhtatSsnhatDef,abt  tat  T. feriods’  if  that 

nounced/and  the  thele^  ca^^aV  tt  t 'wa^  Pr°' 

Of  the  problems^ rPcompu ti ngSt  he  ^pec  t  raUf 
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Figure  53.  Observations  from  a  Deep  Earthquake. 
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wave  from  shallow  earthquakes  is  that  there  are  reflections  or 
reverberations  following  the  main  or  direct  arrival,  and  it  is 
very  difficult  to  truncate  the  time  series  at  a  point  such  that  you  know 
that  you  only  include  the  direct  arrival  from  the  source  and  not  the 
direct  arrival  plus  a  lot  of  reflected  energy.  If  you  include  the 
reverberations,  then  you  get  a  very  complex  spectra  that  is  exceedingly 
difficult  to  interpret.  But  what  we  endeavor  to  do  is  compute  just  the 
direct  wave  and  look  at  its  spectrum,  and  then  we  can  correct  that  back 
to  the  source  by  taking  into  account  propagative  effects  and  absorption 
in  a  fairly  simple  w^y.  For  deep  earthquakes,  however,  the  separation 
between  reflections  is  very  great  in  time,  so  in  this  case  we  have  a 
good  opportunity  of  computing  accurate  spectra  which  can  be  inter¬ 
preted  with  some  degree  of  confidence.  As  you  can  see  here,  this  is 
the  unfiltered  seismogram.  This  recording  is  from  an  earthquake  in 
Peru  which  was  at  a  depth  of  597  km  in  a  trench  and  had  a  boc(y-wave 
magnitude  of  6.2. 

This  Figure  53  is  from  Alan  Linde  of  the  Carnegie  Institute. 

He  is  applying  some  of  ny  theory  to  an  interpretation  of  this  spectrum 
which  is  why  I  happen  to  have  this  figure.  It  illustrates  a  number 
of  things.  First  of  all,  when  you  truncate  the  time  series,  and 
the  way  this  is  plotted  you  can't  see  it  very  well,  but  there  is  long- 

period  motion  at  the  end  of  the  little  pulse-like  affair,  and  if  you 

truncate  that,  then  what  happens  to  the  spectra  is  shown  by  the  dotted 
line.  It  goes  flat  for  a  bit,  and  then  it  blows  up  at  low  frequencies. 
That  is  because  of  the  truncation  effects.  If  you  make  the  window 
longer  in  time,  then  the  spectrum  comes  up,  peaks,  and  then  starts 
down  at  longer  periods,  and  this  is  what  the  theory  predicts. 

What  we  are  doing  is  computing  the  source  dimer  on  by  using 

the  frequency  at  which  this  spectrum  peeks.  We  estimate  the  stress 
from  the  magnitude  of  the  peak  amplitude.  In  short,  we  are  fitting 
this  spectra  witn  the  theory,  but  we  are  doing  it  in  a  parametric  wqy. 

In  any  case,  we  can  compute  an  estimate  of  the  initial  stress  and  the 
source  dimension. 

The  second  spectra  is  the  S  wave,  shown  on  the  lower  right  of 
the  figure.  The  time  series  shown  above  are  filtered  seismograms  at 
various  periods  so  that  you  can  see  what  the  energy  is  at,  for  example, 
37.5  sec  in  this  S  wave.  Again  as  you  take  different  window  lenjths 
for  the  S  wave,  you  get  different  looking  spectra,  of  course,  and  the 
effect  is  essentially  to  cause  the  spectrum  to  flatten  and  then  blow 
up  when  you  take  too  short  a  window.  You  get  the  true  spectrum  if  you 
take  an  adequate  length  of  window. 

MR.  SMITH:  Wait  a  minute.  You  get  a  different  spectrum,  not  neces¬ 
sarily  a  true  spectrum. 

MR.  ARCHAMBEAU:  All  right,  a  different  spectrum,  but  one  more  repre¬ 
sentative  of  the  true  spectrum. 
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MR.  ALEXANDER:  In  fact,  1  do  not  think  any  of  them  give  the  true 
spectrum  for  the  indicated  frequency.  Judging  by  examples,  none  of 
them  is  the  correct  spectrum. 


MR.  SMITH:  Isn't  that  the  conclusion  you  reach  from  here,  that  you  can't 
measure  the  spectrum  of  long-period  waves  without  long  sasrples? 

MR.  ARCHAMBEAU:  That  is  right. 


MR.  SMITH:  The  base  line  has  to  be  treated  differently,  or  you  could 
not  get  a  result  like  that.  It  must  be  a  trend  or  something,  or  a  mean 
taken  out  of  those  signals  before  processing. 

MR.  ARCHAMBEAU:  This  was  a  very  low  drift  instrument,  so  I  don't  think 
there  is  any  particular  problem  with  that. 


MR.  SMITH:  Isn't  there  a  mean  or  something  like  that  taken  out  that 
would  be  different  with  different  window  lengths? 

MR.  ARCHAMBEAU:  I  am  not  positive  what  he  did.  I'd  have  to  check  in 
his  paper  to  be  absolutely  sure. 

MR.  SMITH:  Because  if  everything  else  is  equal,  the  effect  of 
truncation  is  simply  a  convolution  of  sine  X  over  X.  That  won't  make 
it  go  below  frequency.  It  has  to  be  some  other  thing. 

MR.  ARCHAMBEAU:  No,  even  if  you  don't  take  the  trend  out  you  get  this 

Cl  I  Cvb  • 


MR.  SMITH:  But  there  has  to  be  a  trend  taken  out  of  there.  That  is 
what  is  giving  you  the  phorjy  frequencies. 

MR.  ARCIAW3EAU:  Yes,  that  is  right,  if  you  detrend  you  get  spurious 
resul  5  also,  but  yru  don't  knew  how  to  do  that  anywe^y,  and  I  don't 
thin  it  was  done  here.  v0ur  point  is  that  you  don't  really  know  how 
4o  detrend  these  tilings  in  any  case,  no  matter  what  length  window  you 
take,  so  you  get  a  spectrum  that  is  shaped  like  that  and  is  bad  at  the 
long  per  ods  if  you  try  to  detrend  with  the  different  window  lengths. 
B;it  you  get  bad  spectra  with  truncation  whether  you  detrend  or  not  in 
real i tv. 


FRASIER:  Do  you  do  that  at  another  station? 

MR.  ARCHAMBEAU:  Yes,  it  has  bv.an  done  at  other  stations.  You  get  the 
san.a  thing. 
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In  any  case,  these  are  spectra  from  earthquakes  which  we  can 
compare  to  explosions,  and  there  are  differences,  and  such  differences 
are  used  as  a  basis  for  discrimination.  The  next  slide  (Figure  54) 
shows  Love-wave  and  Rayleigh-wave  spectra  from  the  Shoal  event  compared 
to  the  surface-wave  spectra  from  the  Fallon  earthquake,  which  occurred 
at  essentially  the  same  place.  The  lower  plot  shows  the  difference  in 
excitation  of  the  Love  waves  between  the  explosion  and  the  earthquake 
as  a  function  of  period.  The  difference  displayed  here  can  be  used  as 
a  discriminant.  At  the  short  periods,  excitation  from  the  explosion  is 
relatively  higher  than  it  is  for  the  earthquake.  These  are  comparable 
magnitudes,  bocfy-wave  magnitudes,  from  these  two  events.  In  fact.  Shoal 
was  a  little  greater  magnitude.  So  the  ratio  of  amplitudes  falls  off 
with  increasing  period.  This  occurs  primarily  because  of  a  difference 
in  source  dimension  between  the  explosion  and  the  earthquake.  The  ratio- 
mg  used  here  should  cancel  out  the  structural  effects,  because  the  ob¬ 
servations  are  the  same  station.  However,  there  is  a  dip  in  the  Love 
amplitude  at  around  20  sec  that  is  not  represented  in  both  of  the  ob¬ 
served  spectra  in  exactly  the  same  way.  You  expect  such  effects,  but 
generally  the  trend  of  the  ratio  is  as  the  solid  line  shows  it.  There¬ 
fore,  if  you  calibrate  an  area,  and  by  that  I  mean  if  you  look  at  an 
event  in  an  area  and  you  observe  that  it  is  an  earthquake,  then  any  sub¬ 
sequent  event  can  be  compared  to  that  earthquake,  v.here  this  kind  of  a 
plot  would  be  made  using  the  Love  waves.  If  the  Love-wave  ratio  shows 
this  1/T  dependence  on  period,  then  the  event  is  an  explosion.  If  the 
ratio  is  flat,  then  it  is  an  earthquake.  This  is  probably  not  a  fool¬ 
proof  discriminant  by  itself. 

Figure  55  shows  the  same  kind  of  comparison  using  the  Bilby 
explosion,  which  had  a  higher  magnitude  than  Shoal  and  so  had  better 
oower  at  the  longer  periods.  This  event  is  used  to  get  better  defi¬ 
nition  for  the  longer  period  ratio  to  show  in  fact  that  when  you  have 
good  power  at  long  periods  in  both  events,  then  you  clearly  get  the  1/T 
dependence.  Bilby  had  a  magnitude  of  5.8  and  Fallon  wrs  3.8,  so  there 
is  quite  a  difference  in  energy.  Yet  you  still  get  fall -off  towards 
longer  periods  in  the  manner  shown.  I  think  one  can  conclude  that  this 
is  a  useful  discriminant. 

The  next  way  that  one  has  of  discriminating  using  long-period 
surface-wave  information  is  to  compute  the  spectral  ratios  of  Love  waves 
to  Rayleigh  waves ,  and  I  have  shown  you  the  radiation  patterns,  so  you 
know  something  about  that.  If  you  are  at  one  station,  and  you  want  a 
one-station  discriminant,  then  one  thing  you  can  do  is  to  look  at  the 
ratio  of  Love  to  Rayleigh  waves.  Explosions  are  generally  more 
efficient  in  their  generation  of  Rayleigh  waves  relative  to  Love  waves, 
even  if  you  have  tectonic  release,  whereas  earthquakes  are  very 
efficient  in  terms  of  their  Love-wave  production  relative  to  Rayleigh 
waves,  although  because  of  the  different  radiation  patterns  for  Love 
and  Rayleigh  waves-,  the  ratio  is  in  fact  station  dependent.  You  have 
to  have  a  few  stations  for  positive  identification.  But  in  any  case, 
this  is  a  way  of  discriminating. 
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Figure  54.  Comparison  of  Wave  Spectra  from  an  Explosion  (Shoal)  and 
an  Earthquake  (Fallen). 
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Figure  55.  Comparison  of  Wave  Spectra  from  the  Bilby  Explosion  and 
the  Fallon  Earthquake. 
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anH  Jh-  9  We  h?ve  L/R  for  two  expTosions,  Bilby  and  Shoal 

Slklnn  5  sol'd.^ne  1S.L/R  for  the  Fallon  earthquake.  Generally 
n>  y°u  expect  this  ratio  to  be  around  one  as  a  function  of 

parthm^EI  anTuXE losion,  and  to  increase  in  the  manner  shown  for  an 
earthquake.  That  is,  the  long-period  excitation  of  Love  waves  is 

KffI^-ent  f0r,an  ^rthquake  but  not  for  an  explosion.  So  there 
line  ^rrn«hJMCOnSldrab  6  d}fference*  You  might  draw  a  horizontal 
£ k  f1S graph  s°me  place*  say  at  L/R  *  2.0  and  if  the  observed 
the  I?,]];  be  ?!!  Jhat  valu*  consistently  over  a  wide  period  range  then 

W0U  d  5u  an  explosion  and  anything  consistently  above  it 
should  be  an  earthquake. 

m.  ROTENBERG:  Are  these  amplitude  ratios,  or  energy  ratios? 

MR  ARCHAMBEAO^  These  are  amplitude  ratios.  This  is  qoing  to  be  very 

we  Ja£f[ooke£tbthir^-ref  S°^n  °rd6r  t0  see  what  that  effect  is, 
we  can  look  at  this  ratio  for  these  sources  at  different  distances 

and  see  whether  it  holds  up  at  greater  distances.  Figure  57  is  this 

observation  made  at  around  1700  km  from  these  sources  Things  are 

starting  to  degenerate  here  at  the  shorter  periods,  so  if  you  are 

comparing  in  the  range  from  around  10  to  15  sec  at 1  greate /distances 

you  are  going  to  be  vn  trouble  with  this  kind  of  a  discriminant 

°Ut  t0  the  longer  p*”ods,  the  discrimination 
still  holds.  At  yet  a  greater  distance,  things  are  startina  to 

break  down  somewhat,  as  you  see  in  Figure  58.  You  are  lookinq  at  vprv 
low  power  now.  But  nevertheless,  at  3,000  km,  except  for  this  Deak  /i 
30  sec,  for  the  ratio  appropriate  to  the  Shoal  explosion  we  stiff  haw 
a  reasonably  strong  difference,  The  probable  brigi£  of  the  peak  in 
L/R  for  shoal  is  due  to  structure,  since,  while  both  of  these  should 
be  roughly  affected  by  structure  in  the  same  way  so  that  the  ratio 

I-.  ttSUSi  st  ??  ' 

So  general  y  speaking,  even  at  these  great  distances  exp  osing' 
have  low  L/R  ratios  as  functions  of  period,  and  the  earthquake  has 
high  ratio,  and  in  fact  on  this  figure  it  runs  off  the  graph  here 
up  to  about  10,  I  believe,  out  at  around  40  or  50  sec. 

tailed  aJltSh0uld  mention  at  this  point  that  Shelton  Alexander 
talked  about  mb  versus  Ms,  which  is  the  most  popular  technique  for 
discrimination  based  on  spectral  differences.  There  are  oiher  wa£s 

whirh  fr^-atln9  that  ar?  vari' ations  of  that  approa'ch^and s£me 
which  1  believe  are  superior  but  have  not  been  utilized  particularly 
much.  The  three  that  I've  just  described  all  utilize  the  difference 
in  excitation  of  long  periods  for  earthquakes  relative  to  explosions. 
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Figure  57.  Ratio  of  Love  to  Rayleigh  Waves  for  Two  Explosions  (Bilby 
and  Shoal)  and  an  Earthquake  (Fallon). 
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MR.  ALEXANDER:  I  have  looked  at  relatively  clcse-in  measurements  for 
short  periods  for  *;he  Shoal  and  Fallon  events  that  Archie  was  discussing. 
He  was  discussing  primarily  the  Love  and  Rayleigh  waves  in  the  Iona 
period. 


This  Figure  59  is  seen  just  to  the  north  of  Haley,  Idaho,  and 
the  top  half  is  the  Shoal  event.  The  top  trace  is  vertical,  the  second 
one  is  the  radial,  and  the  bottom  one  is  the  transverse  for  the  Shoal 
event.  Below  are  similar  traces  for  the  Fallon  earthquake.  These  are 
both  comparable  body-wave  magnitude  events. 

Just  looking  at  the  seismograms,  those  ticks  in  the  bottom 
there  are  at  10-sec  intervals.  You  can  see  right  away  there  is  a  bin 
difference  in  distribution  of  energy  with  time  between  Shoal  and  Fallon. 
I  have  looked  at  lots  of  other  azimuths  in  the  same  fashion.  Figure  60 
shows  just  the  verticals  from  the  previous  figure,  and  a  running  spec¬ 
trum  or  "seismoprint"  so  you  can  get  an  idea  of  the  spectral  distribu¬ 
tion  of  energy  with  time  down  the  record.  The  record  is  at  the  top 
here,  and  you  just  move  a  window  along  and  compute  the  power  in  a  run¬ 
ning  window.  I  am  sorry  you  cannot  see  the  contours,  but  the  maximum 
is  here  in  this  case  (Fallon).  These  plots  are  all  normalized  to  the 
maximum  power  value.  By  and  large  most  of  the  energy  is  concentrated 
late  in  the  record.  These  are  the  shear  waves  or  higher  modes;  in 
effect,  they  are  surface  waves. 


In  the  case  of  Shoal,  the  energy  is  highly  concentrated  at 
the  beginning,  and  more  or  less  shifted  to  higher  frequencies.  In  other 
words,  the  energy  distribution  in  both  time  and  frequency  are  different 
between  the  two.  I  really  do  not  have  enough  earthquakes  to  establish 
the  generality  of  this,  but  looking  at  various  azimuths  I  see  the  same 
sort  of  thing  for  Shoal  and  Fallon. 

MR.  ROTENBERG:  Is  there  a  standardized  window  that  seismologists  use 
to  do  this  kind  of  analysis? 

MR.  ALEXANDER:  No,  not  really.  In  this  particular  case,  though,  the 
window  is  3  sec.  Tests  were  made  to  decide  what  was  a  reasonable  window 
to  use.  The  effect  of  not  using  the  correct  window,  of  course,  is  to 
smear  the  energy  out,  but  still  it  is  obvious  from  just  looking  at  the 
signal  where  the  energy  is  located.  In  any  case  this  will  give  you  a 
feeling  for  the  kinds  of  differences  observed  between  earthquakes  and 
explosions  of  comparable  magnitudes.  This  is  the  typical  kind  of  thing 
that  we  have  to  resolve.  There  is  really  a  striking  difference  in  the 
energy  distribution,  and  it  shows  up  in  the  long  period  surface  waves 
also. 


Figure  55.  Wave  Spectra  at  Station  HL-ID. 
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CODE  CALCULATIONS:  STRESS-WAVE  PROPAGATION 
IN  A  PRESTRESSED  ENVIRONMENT 

J.  Ted  Cherry 

Laurence  Radiation  Laboratory 


A  simple  mechanism  is  available  for  amplifying  and  changing  the 
velocity  field  associated  with  a  particular  type  of  elastic  stress  wave. 
The  suggested  mechanism  is  the  interaction  of  an  elastic  shear  wave  with 
a  localised  gradient  in  the  ambient  stress  field.  The  ambient  stress 
field  couples  into  the  equations  of  motion  due  to  the  rotation  of  the 
stress  field  caused  by  the  incident  shear  wave.  This  coupling  causes  a 
velocity  fijld  to  develop  which  sends  the  prestressed  region  into  either 
a  state  of  compression  or  extension,  which  in  turn  depends  on  the  sign  of 
the  rotation  and  the  sign  of  the  gradient  of  the  ambient  stress  field. 

Here  we  report  the  results  of  a  TENSOR  calculation  that  illus¬ 
trates  some  of  the  features  of  this  type  of  coupling.  Some  questions  are 
raised  that  I  have  not  been  able  to  answer  except  in  a  qualitative  way. 


Statement  of  the  Problem 

An  ambient  stress  field  T^y  was  initially  placed  in  static 
equilibrium  by  using  an  appropriate  do force  Y,  where 
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In  the  TENSOR  problem  T^y  was  specified  as 


fv0l 
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where  x^  is  the  center  of  the  zone  at  t  =  0.  In  the  calculation  we  set 
Ai  =  1  kb  and  A£  =  0.01  m  and  0.05  m. 


The  body  force  Y  was  evaluated  such  that  Equation  1  was  satis¬ 
fied.  The  zone  center  was  calculated  on  each  cycle  to  find  the  bo<dy 
force  appropriate  to  the  zone  position. 

Figure  61  shows  the  variation  of  T^y  with  distance.  Figure  62 
shows  a  sketch  of  the  problem  run  on  TENSOR.  The  initial  line  marked 
"velocity  input"  was  niven  a  velocity  ui  in  the  x  direction  that  varied 
wi th  ti me . 
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Figure  62. 


Sketch  of  TENSOR  Problems. 


(3) 


B-j  +  B2t 
B]  +  B2T 


0  <  t  <  T 
t  >  T 


where  B 


1 

B2 

T 


-4 

=  10  m/msec 
=  9  x  10" ^  m/msec^ 
=  0.1  msec 


time  (msec) 

The  equations  of  motion  numerically  Integrated  by  TENSOR  (in 
plane  strain)  are 


du 

dt 


1  9(p  -  T*>  l5s»L 


9X 


r»  3y 


dv  =  _  1 3(p  "  Ty^  i_ 3Txy  .  w 

dt  p  ay  p  ax 


(4) 

(5) 


where  u  and  v  are  particle  velocity  in  the  x  and  y  directions,  P  is  the 
mean  stress,  and  Tx.  Ty,  and  T^y  are  stress  deviators. 


The  stress-strain  relations  used  In  the  code  are 
Pn"  =  k 


un+l  _  I  V°  -  Vn+1 


\  Vn+1 

r  THy  +  2^tn+1/2  +  (tJ|  -  Tj)Mtn+1/2 


(6a) 

(6b) 


where  Txy  =  Txy‘ 


t;+1  •  Tj  +  2uitn+1/2  ex  +  2Tjy*4t"',1/2 
Tj+1  =  Tj  +  2,4tntl/2  iy  -  2T^i4t"tl/2 


C6c) 

(6d) 


The  last  terms  on  the  right  in  Equations  6b,  6c,  and  6d  allow  the  Eulerian 
components  of  the  stress  tensor  to  change  during  a  rigid  body  rotation 
even  though  no  strain  is  occurring. 
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In 

n  is  the  cycl 


these  equations  k  and  y  are  the  bulk  and  rigidity  moduli, 
e  number,  Atn+* / 2  is  the  current  time  step  and 


e  =  1  lu  +  lv 

ky  2  (ay  9 xj 

e  -  1  |?  M  3v 

x  3  \c  9x  ‘  9y 

e  *  1  Ip  &L  . 

y  3  3y  9x 


:  .  I  Su  9v 
*  "  2  9y  '  17 


Since 


a  the  angular  velocity  of  the  zone. 
£  _  9u  .  9v  , 

V  “  ax’  ay  (conservation  of  mass) 


Equation  6a  can  be  written 


assuming  ■*-* 
Vu 


,n+l/2 


«  1  . 


What  to  Expect 

We  can  get  an  idea  about  how  the  problem  should  behave  if  we 
make  some  simplifying  assumptions  about  the  stress-velocity  field  coup¬ 
ling.  To  do  this  we  first  obtain  the  analytic  solution  to  the  problem 

the ^res tressed5 region!*  re9i0"  *  '  °'  “e  the"  *»l»  this  solution  to 

hw  Pn IfJv  \0’  for\the  velocity  source  function  specified 
by  tquation  3,  We  have  the  standard  solution  for  a  plane  shear  wave  prop¬ 
agating  in  the  y  direction.  These  solutions  are  P  P 

Sx(y,t)  =  [B1 (t  -  y/Vs)  +  ^  (t  -  y/Vs)2]  H(t  -  y/V$)  y  >  0  (10) 

u(y,t)  =  [b]  +  B2(t  -  y/Vs)]  H(t  -  y/V.)  y  >0  (11) 

where  Sx  is  the  displacement  in  the  x  direction 
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'.■Vt  (the  shear-wave  velocity) 
H(t  -  y/V.)  =  1  t  -  y/V  >  0 


=0  t  -  y/V$  <  0 


We  can  use  Equations  6b  and  7a  to  find  t^y  and  7d  to  find  $ 

%  p  §  .  [Bl«(t  -  y/Vs)  *  B2H(t  -  y/Vs)] 

T  ’  '  HB1  +  B2(t  ’  y/Vs>]  H(t  '  y/V 


•  l_j>u  _  xy 

♦  ‘  2  ay  “  2y 


In  the  region  where  T^y  t  0,  then  Equations  6c  and  6d  give 

I  %  21^  d>  O 

x  xy? 

T  %  -  21^  d>  O 

where  we  have  assumed  ex  ■  ey  ■  0  and  T*y  ■  T^y. 

With  these  assumptions  the  only  significant  contribution  in 
acceleration  will  be  the  x  direction.  Equation  4  gives 

aT  3T^ 

du  *  au  *  illx  .  2 ±__*2L  (1 

dt  **  at  *  p  ax  p  3x 

Since  a  is  negative  (Equation  15)  then  accelerations  should  develop  in 
the  prestressed  region  that  cause  the  region  to  expand. 


a  i 

<b  -=“■  >0  x  >  0 
v  3X 


3Tiv 

<f>  —it  <0  X  <  0 
T  3X 
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Assuming 


=  3Txy 

3X  dX 


In  the  pnestressed  region,  then 


u  - 


32TA 

XV 


!“  =  2  /*dt 

3X  P  5x2 


Therefore  Equation  9  gives 


32tA 

P  ■  -  j  /2*dt 

w  3X 


Since 


/24>dt 


r[Bit  +  r 


(t  -  y/ver  H(t  -y/vc) 


£  ■  ■  Itf  *.  ■ - 


then  the  rate  of  expansion  P  should  increase  with  time  and  should  decrease 
as  the  wavelength  A?  of  the  prestressed  region  increases.  Equation  12 
shows  that  T^y  should  be  constant  for  t  >  y/Vs. 

The  Numerical  Solution 

The  input  constants  for  the  TENSOR  problem  were 


A]  =  1  kb 

=  0-01  m,  0.05  m 
B-|  =  10"A  m/msec 
Bg  =  9  x  10~3  m/m',er‘ 
T  =  0.1  msec 
k  =  10  kb 
u  =  10  kb 


Equation  2 


Equation  3 


Equation  6 
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p°  *  1  gm/cc 

'  '  1  i  j 

Figure  63  coirpares  the  analytir  (Equation  11)  and  TENSOR  solu¬ 
tions  at  0.0462  msec  outside  the  prestressed  region.1  The  codt  seenis  to 
be  adequately  treating  the  propagation  of  the  shear  wave  in  the  stress- 
free  region.  t  « 

Figure  64  shows  T™  vs  time  outside  the  prestressed  reg.on  and 
P  (mean  stress)  vs  time  at  tne  center  of  the  prestressed  region,  both 
T xy  antS  P  behave  as  expected.  The  prestressed  region  does  expand,  with 
the  rate  of  expansion  varying  with  time  and  the  wavelength  of  the  arrbient 
stress  field.  .  ,  i 


The  significance  of  the  coupling  shown  in  Figure  64  is  that  the 
material  would  become  weaker  due  to  the  expansion,  thereby  lowering  its 
ability  to  support  its  prestressed  state.  > 


Summary  and  Questions 

This  problem  is  extraordinarily  artificial  both  In  the  assumed 
elastic  constants  and  "fault"  representation.  It  was  the  simplest  prob¬ 
lem  that  I  could  think  of  to  run  for  an  illustration  of  the  shear  wave- 
ambient  stress  field  coupling.  It. would  be  much  neater  to  develop  a 
crack  in  the  TENSOR  grid  by  allowing  a  slip  surface  to  open  under  the  i 
action  of  tensile  forces  applied  at  the  grid  boundaries.  This  prestress¬ 
ed  equilibrium  state  could  then  be  subjected  to  a  transient  disturbance 
(either  compresslonal  or  shear). 

1 

In  terms  of  "earthquake  triggerlrg"  the  importance  of  the  pre¬ 
stressed  state  of  the  rock  and  how  to  determine  it  preshot  still  ate  un¬ 
answered  questions.  Since  large  stress  gradients  should  give  a  "noisy" 
static  equilibrium  state,  we  might  consider  monitoring  the  seismic  noise 
in  the  shot  hole  for  some  time  prior  to  the  shot.  Data  from  this  effort 
would  be  qualitative.  However,  after  enough  sites  are  listened  to,  we 
should  develop  the  experience  to  Isolate  those  sites  with  high  stress 
gradients,  i.e.,  high,  unexplained  seismic  noise. 

If  shear-wave  generation  is  a  worry,  then  the  Impedance  con¬ 
trasts  of  the  layers  at  the  site  (including  the  free  surface)  along  with 
the  asymmetry  of  the  source  become  Important.  It  should  be  possible  to 
evaluate  a  site  in  terms  of  the  total  shear  energy  developed  by  the  source  i 
and  mode  conversion  at  the  important  Interfaces. 


MR.  RINEY:  Did  this  have  a  free  surface? 


MR.  CHERRY:  No,  there  was  no  free  surface. 

MR.  SMITH:  Could  you  say  once  again  what  the  physical  rationale  for  this 


MR.  CHERRY:  We  have  written  the  equation  of  motion  in  terms  of  the  stresses 
referred  to  the  fixed  x-y  coordinate  system.  When  a  volume  element  with 
stresses  in  It  sees  a  r1gid-bo(|y  rotation,  you  have  to  bring  the  stresses 
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Figure  63.  Hdrtzontil  Yelocl  ty  lu)  vs  Desth  from  Interface  (yj  OutsJtte  Pres  tressed  Region 
t  *  46.2  uS£C. 


Figure  64.  Stress  vs  Time  at  Interface.  far  outside  prestressed 
region.  P,  mean  stress,  at  center  of  prestressed  region. 
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Xcnttttyirjrr 
J%i,s  s,'"”y a  rout,°"“  £" -tSi  Mjaw:* 

ri9ld-body  rout,°"s-  *»  ■»  ■« 

wUhCsheaVr:stTrSJns?hear  ^  '*  pr0ducin9  J  HSf  nation  along 

MR.  SMITH:  So  you  are  letting  it  happen. 

MR.  CHERRY:  Yes,  it  is  happening  because  of  the  source  function  that  r 
!?,“  ™d:  "  “therf“°'-*.  w"*4  sort  of  wave  is  n^  propagatin  “to 

ai?reitreS!^  ^Sion.  The  original  displacement  field  is  at  v  =  0 
o  along  the  x  axis  I  am  propagating  a  plain  SH  wave  into  the  region. 

MR.  ARCHAMBEAU:  All  right,  for  a  congressional  wave 

MR.  CHERRY:  For  a  congressional  wave  you  would  not  see  this. 

MR^ARCHAMBEAU:  So  that  your  nonlinear  effects  then  are  effectively 

rfgt  d-body  *  rotation .  ^  tM"9  ^  order  for  this  «»rk  is  the 

MR.  ARCHAMBEAU:  Which  involves  the  curl. 

MR.  CHERRY:  Yes,  (1/2)ax1 

MR.  ARCHmMBEAU:  Right,  so  you  don't  get  P  to  SH  wave  conversion  In  that. 
MR.  CHERRY:  That  is  right. 

words !C^BcSuid  change' theWpolar1zatIontof9the  St0waJe.h°WeVer’  In  °ther 

muss  •  «s.“s  Lsr.s-w'Ars.'s  nasi. 

HR.  ARCHAMBEAU:  That  is  all  right,  but  the  inverse  is  not  going  to  work. 

S^de^fo^this0;.™'.^"6  'V?01  9o1"s  to",ork;  that  is  right.  In 
pl*erent.  operative,  you  sinply  need  the  curl  of  the  dis- 

MR.  ARCHAMBEAU:  A  rotation  in  a  stressed  medium. 
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MR.  CHERRY:  Yes,  rlgld-bocty  rotation  in  a  prestressed  medium,  and  the 
only  w<y  I  could  see  to  get  that  was  to  first  develop  a  shear  source  just 
to  see  what  would  happen  to  the  .... 

MR.  TRULIO:  Are  you  doing  a  problem  where  the  elements  actually  do  ro¬ 
tate  a  lot? 

MR.  CHERRY:  No,  not  a  lot. 

MR.  ARCHAMBEAU:  This  effect  will  always  be  of  second  order  unless  the 
gradient  in  the  strain  is  large. 

MR.  CHERr;Y:  Unless  the  stress  gradient  In  the  prestressed  region  is 
large. 

MR.  SMITH:  Ted,  where  did  you  apply  the  boundary  condition  again?  Was 
it  at  x  =  0  ? 

MR.  CHERRY:  It  was  at  y  =  0,  all  along  the  x  axis. 

MR.  SMITH:  I  am  a  little  confused  as  to  whether  you  are  modeling  stress 
release  in  an  earthquake  or  whether  you  are  modeling  the  effects  of  an 
explosion  in  a  prestressed  medium,  in  a  medium  with  gradients  of  pre¬ 
stress. 

MR.  CHERRY:  The  latter. 

MR.  FRASIER:  But  in  a  real  problem,  you  generally  have  an  existing 
fault  or  joint  surface  which  mey  be  thought  cf  as  being  locked  by  static 
friction,  so  we  can  turn  this  problem  around  and  talk  about  any  of  the 
waves,  the  P  wave  even,  unloading  the  normal  stress  across  the  surface. 

MR.  CHERRY:  That  is  another  possible  mechanism.  I  am  really  not 
happy  with  the  stress  distributions  that  I  assumed.  It  was  just  the 
simplest  thing  to  do.  I  don't  like  the  body  force.  What  it  does  is 
give  you  a  force  that  is  changing  as  the  sine  function. 


MR.  ALEXANDER:  But  that  is  what  you  expect  to  maintain  equilibrium. 
MR.  CHERRY:  That  is  what  I  have  had  to  use. 

MR.  ARCHAMBEAU:  Well,  you  don't  necessarily  have  to  use  a  body  force. 
You  can  balance  out  the  equation  at  equilibrium  in  other  ways. 
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MR.  CHERRY:  ty  point  is  I  just  could  not  do  it  easily. 

MR.  ARCHAMBEAU:  You  get  complicated  stress  systems. 

MR.  CHERRY:  That  is  what  I  would  like  to  look  at  next. 

MR.  ARCHAMBEAU:  And  then  send  a  wave  through  it. 

MR.  SMITH:  But  you  alreacty  know. 

;%S^^tej?,pt{fr^f.do1n9  u-  “ <•  a  •>««*.- 
i!5dts.rb."gs?{1.tag  cHteHon- «•  «* 

MR.  ARCHAMBEAU:  You  ought  to  put  In  some  rheological  descriptions. 

MR.  ARCHAMBEAU:  Ho,  he  has  a  pre-existing  crack. 

srt  ara:**r 

MR.  ARCHAMBEAU:  Now  you  run  a  wave  through  it. 

MR.  CHERRY:  Yes. 

wwar,rr»“.:r 
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REDUCED  DISPLACEMENT  POTENTIAL 

Howard  C.  Rodean 
Lawrence  Radiation  Laboratory 


There  have  been  a  lot  of  comments  made  about  the  reduced 
displacement  potential  yesterday  and  today.  I  would  like  to  talk 
about  what  it  really  Is,  what  it  can  do,  and  what  it  really  can't  do 


Implicitly,  a  reduced  displacement  potential  means  that  we 
have  a  spherically  symmetric  system.  For  our  explosion  problem  it  is 
a  good  first  order  approximation  to  the  phenomenon,  but  it  is  probably 
more  useful  or  some  things  that  we  are  interested  in  than  for  others. 

u  ^f;  momen^  say  that  we  have  the  sphericr.l  source  in 

this  ha  1 f-space  with  a  free  surface.  This  is  our  elastic  boundary  or 
elastic  radius,  and  let  us  say  that  It  Is  big  enough  so  that  It  meets 
your  maximum  strain  criteria  of  10~5  or  whatever. 


In  calculating  explosions  and  also  accounting  for 
observations,  let  us  talk  about  either  the  head  wave  that  jets 
refracted  at  the  Moho,  or  the  teleselsmlc  wave  which  penetrates  deeper 
Into  the  earth.  If  we  talk  about  the  first  arrivals,  whether  It  be 
the  head  wave  that  Werth  and  Herbst  calculated,  or  the  teleselsmlc 
case  that  Kogeus  from  Sweden  and  Eric  Carpenter  of  England  calculated 
(all  using  the  reduced  displacement  potential)  the  spherical 
explosion  Is  probably  a  pretty  good  approximation.  Based  on  our 
observations  of  drill-back  and  other  exploration  at  the  Nevada  Test 
Site,  It  appears  that  the  lower  half  of  the  region  around  an 
explosion  Is  reasonably  spherical,  forgetting  about  layering  effects. 
Let  us  just  assume  that  this  Is  In  uniform  rock  material. 

Okay,  the  reduced  displacement  potential  Is  probably  a 
pretty  good  thing  to  use  for  that.  But  In  Werth  and  Herbst 's  papers  I 
recall  they  also  had  to  Introduce  a  surface  reflection  to  make  their 
calculated  seismograms  look  like  the  recorded  head  waves.  Instead  of 
using  a  reflection  coefficient  of  about  two  per  ideal  elastic  theory, 
they  had  to  change  the  two  to  three,  Implying  perhaps  that  there  was 
some  nonlinear  process.  This  concerns  the  wave  that  goes  up  to  the 
surface,  then  down,  and  arrives  at  the  receiver  shortly  after  the 
direct  wave  (.Figure  65a). 


Now,  the  head  wave  rays,  I  believe,  go  out  more  toward  the 
horizontal  than  do  the  teleselsmlc  ones.  Perhaps  a  reflected  path  like 
this  (Figure  (  5b)  Is  what  Werth  and  Herbst  were  trying  to  match. 


Dal  Davies  mentioned  at  Woods  Hole  that  when  he  looks  at 
teleselsmlc  data  of  what  are  presumed  to  be  Russian  shots  In  the 
Soviet  Union,  he  sees  very  little  evidence  of  surface  reflections.  He 

Preceding  page  blank 
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Direct  wave” 


"Moho  " 


(a)  Head  waves 


Figure  65.  Direct  and  Reflected  Head  and  Teleseismic  Waves. 


is  wondering  if  tne  surface  reflection  is  so  attenuated  by  trying  to 
get  past  the  ine  astically  deformed  zone  that  the  surface  reflection 
isn  t  very  important  in  this  particular  case. 


Obviously,  a  reduced  displacement  potential,  by  itself,  will 
never  give  you  Love  waves.  I  also  wonder  if  it  will  really  give  you 
the  picture  you  need  for  Rayleigh  waves  for  the  following  reasons. 
Again  let  us  forget  about  the  complicating  effects  of  earth  layerinq, 
and  let  us  say  we  have  a  re? 1  deep  explosion,  such  that  we  don't  have 
any  surface  spall  at  all.  I  am  not  sure  about  Rulison,  but  J  am  quite 
sure  that  for  every  other  explosion  we  have  ever  fired,  including 
Salmon,  there  always  has  been  some  regies  of  surface  spall.  So  even 
in  deeply  buried  shots,  we  have  an  inelastic  region  of  some  shape,  say 
roughly  spherical  around  the  explosion,  and  we  also  have  another 
inelastic  region  at  and  below  the  free  surface  (Figure  66a).  We  have 
evidence  at  the  test  site  that  sometimes  there  are  distinct  geological 
layers  at  which  the  spall  occurs,  so  here  is  a  layer  of  earth  that  gets 
thrown  up  and  falls  back  down  and  then-wham!  Bill  Perret  talked  about 
some  of  the  high  g's  recorded  when  the  ground  comes  down  and  hits 
bottom. 


•  *  we  9°  shallower  depths  (again  I  am  just  drawing 

pictures  because  no  one  really  knows  what  these  regions  look  like) 
the  surface  spall  region  will  grow  (Figure  66b).  Finally  we  have  the 
limiting  case  of  a  cratering  shot  in  which  we  have  the  initial 
inelastic  deformation  merge  into  the  spall  region,  so  we  have  millions 
of  tons  of  rock  which  are  thrown  up  into  the  air  and  then  come  down 
agam.  To  take  something  that  Ted  Cherry  said  earlier  this  mornlnq: 
when  we  talk  about  generating  surface  waves,  we  deal  with  the  radiation 
in  all  directions,  that  is,  with  the  Interaction  of  these  rays  with  the 
free  surface  and  with  layering,  so  on  and  so  forth.  Therefore,  I  am 
asking  the  question  of  the  seismologists,  don't  you  think  it  is  about 
time  for  the  code  calculators  to  break  out  of  their  one-dimensional 
world  with  the  reduced  displacement  potential  and  to  run  some  problems 
in  two  dimensions  with  failure  mechanisms  to  find  out  really  what  is 
the  true  shape  of  the  elastic  boundaries  both  around  the  explosion  and 
in  the  spall  regions? 

MR.  ALEXANDER:  The  answer  is  yes. 

MR.  SMITH:  I  am  a  little  confused  about  this  unloading  near  the 
surface.  The  high  g's  that  you  referred  to,  they  were  with  reference 
to  a  cavity  collapse  I  understood,  rather  than  the  spall? 

MR.  RODEAN.  Yes,  but  I  think  the  same  thing  would  happen  with  respect 
to  contained  explosions— even  though  we  would  not  form  a  crater  or  have 
cavity  collapse.  I  am  talking  about  the  phenomena  associated  with  the 
reflection  of  the  outgoing  explosion-produced  shock  waves  from  the  free 
surface  and  the  resultant  spall.  The  spalled  region  will  go  upward  in 
a  ballistic  trajectory  and  then  fall  down.  When  It  hits  bottom  aoain. 
there  will  be  a  sharp  _ 
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(a)  Deep  explosion 


Inelastic 
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(b)  Moderate-depth  explosion 


Inelastic  region 


Surface 
spall 

Explosion 


(c)  Shallow  cratering  explosion  (before  venting) 

Figure  66.  Effect  of  Explosion  Depth  on  Inelastic  Regions. 
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MR.  SMITH:  This  is  the  nonlinear  magnification  Carpenter  was  waving 
his  arms  about. 

MR.  RODEAN:  Perhaps. 

MR.  SMITH:  And  you  can  do  that,  you  think? 

MR.  RODEAN:  I  think  with  perhaps  the  right  failure  models,  this  could 
be  done  with  two-dimensional  codes. 

MR.  TR'JLIO:  More  difficult  phenomena  than  that  have  already  been  includ¬ 
ed  in  cratering  calculations. 

MR.  RODEAN:  Really  what  I  am  saying  is  that  instead  of  calculating 
craters,  we  should  use  the  same  two-dimensional  codes  and  calculate 
some  contained  explosions  to  see  what  happens  in  the  near  field, 
including  the  surf'.a. 

MR.  CHERRY:  One  thing  it  would  be  very  easy  to  save  in  the  codes  is 
the  curl  of  the  displacement.  I  don't  think  anybody  is.  I  tried  it 
for  a  while  and  nobody  seemed  to  be  interested. 

MR.  RODEAN:  So  you  could  have  CRT  printout  of  the  compressional  wave 
going  out,  and  then  with  the  term  that  Ted  talks  about  you  could  see 
where  your  shear  waves  are  converted,  and  then  you  could  also  introduce 
problems  where  you  would  have  different  kinds  of  geological  layering, 


MR.  PERRET:  Howard,  one  thing  in  connection  with  these  spalls  is  that 
a  part  of  the  energy  is  trapped  in  the  spall,  so  that  the  reflected 
wave  that  is  coming  back  down  below  the  spall  does  not  include  all  of 
the  initial  energy. 

MR.  RODEAN:  Yes,  there  is  some  irreversible  dissipation. 

MR.  PERRET:  When  it  comes  back  down  that  is  put  back  in  the  ground 
except  for  what  you  have  lost. 

MR.  TRULIO:  I  guess  I  just  don't  understand  why  there  are  a.iy 
limitations  on  the  code  at  all  with  respect  to  strain. 

MR.  CHERRY:  I  did  not  say  there  were.  I  said  we  have  been  using  the 
technique  for  7  yr  to  rotate  the  stresses  back  to  the  coordinate 
system  of  the  equation  of  motion. 

MR.  ARCHAMBEAU:  But  you  have  not  been  putting  prestress  in. 


211 


MR.  CHERRY:  No. 

MR.  ARCHAMBEAU:  That  is  the  only  time  that  is  important. 

MR.  CHERRY:  It  could  be  important  to  put  the  shear-wave  reflection 
back  into  a  region  that  was  stressed  by  the  compressional  wave,  or 
something.  I  don't  know. 

MR.  ALEXANDER:  There  are  in  fact  clearly  observable  S V  waves‘  SV’ 
associated  with  particularly  larger  explosions.  You  can  see  them  at 
teleseismic  distances,  10  to  20-sec  S V  waves  from  "HclearJ;f  at 

and  they,  too,  are  practically  overlays  of  one  another.  They  core 
the  right  tire  to  have  been  generated  by  P  to  SV  conversion  at  the  free 

surface. 

MR.  CHERRY:  Of  course,  but  that  is  in  there. 

MR.  ALEXANDER:  Yes.  In  other  words,  I  am  saying  that  you  do  have  that 
included  ,  and  the  kind  of  interaction  you  are  talking  about  might  con¬ 
vert  those. 

MR.  ARCHAMBEAU:  You  have  P  to  SV  anyway. 

MR.  TRULIO:  Something  we  have  not  done  is  to  prestress  the  medium  in 
shear  in  a  way  that  might  correspond  to  the  types  of  deformation  you 
showed. 

MR.  ARCHAMBEAU:  Sure,  your  codes  normally  do  that. 

MR.  RODEAN:  I  think  the  question  I  posed  we  have  answered. 

MAJOR  CIRCEO:  On  the  deep  shot,  is  the  spall 

I  know  that  some  of  these  surface  accelerations  are  high  ^he  ve 
loci  ties,  but  on  Gasbuggy,  say,  was  the  spall  really  significant? 

MR.  RODEAN:  I  don't  think  as  far  as  this  is  concerned— I  am  just 

making  a  judgment-when  you  go  reel  deep  like  Gasb “jg* of^Se^shalliwer 
is  probably  not  too  important  any  more,  but  for  a  lot  of  the  shallower 

NTS  events,  it  may  well  be  important. 

MR.  PERRET:  It  was  significant  on  Milrow.  I  don't  think  it  was  very 
significant  on  Gasbuggy.  I  du..'t  really  remember  for  sure,  but  it 
seems  to  me  it  was  not. 

MR.  RODEAN:  Those  shots  were  at  comparable  depths,  but  had  a  factor 
of’ about  50  or  so  difference  in  yield. 
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MR  COOPER*  There  have  been  calculations  made  the  kind  that  you  are 

S'fi'SSSi-- 

vss  sz.v:ur.is.^ss,.. 

going  on. 

Mr.  PERRET:  I  would  be  interested  to  know  how  you  match  the  Salmon 
sjrface  records  that  had  -2.5  g  s. 

MR.  FRASIER:  Keep  one  thing  in  seismologists 

"tLtTcan  rraS.^0-!  ‘SSM  S 

we  give  it  to  you? 

md  cofi^TFR •  You  will  qive  us  many,  many  more  years  of  work,.  There  are 
MR.  FRASIER,  you  win  g>ve  u  /?.  •7th-_as  you  can  approximate  and 

SEffi  S“Ss’s  awarasrasa 

MR  RODEAN*  A  lot  of  these  codes  were  originally  designed,  and  their 

?u^ra?rs^ 

stuff  is  there. 

MR  FRASIER*  One  thing  that  can  be  done,  if  you  can  actually  specify 

SagSas^^SSS-Sw 

think.  ^ 

arw. s  S5S,?: ana  a^isrrsa. 

with  two  dimensions  for  a  while. 

SWTK  SSSfSSS  ST.  assas1 
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plaster  of  Paris,  foam  rubber,  and  one  thing  and  another,  and  I  think 
somebody  could  build  an  analog  computer. 

MR.  RODEAN:  I  think  that,  too,  but  I  am  talking  about  getting  out  to 

iikpbth^tawi+hf  Jhe.1nel!sJ1c.re9ion.  Yes,  you  can  do  some  things 
like  that  with  plaster  of  Paris,  but  how  well  could  you  mock  up  tuff  or 
granite,  or  what  have  you?  M 

MR.  ROTENBERG:  I  might  ask  the  same  question  digitally. 

MR.  COOPER:  You  can't  do  the  laboratory  experiments  alone,  and  you 
can  t  do  calculations  alone.  You  have  to  have  experimental  data.  That 
keeps  everybody  honest. 

MR.  RODEAN:  Now,  for  example,  we  can  start  out  and  check  our  codes 
against  some  existing  experiments  and  analytic  solutions,  things  that 
have  been  done  in  the  laboratory.  One  example  is  in  a  planar  system* 
some  years  ago  Sherwood  did  both  analytic  calculations  and 
experimental  measurements  showing  the  effects  of  a  small  charqe  on  the 
surface  of  a  plate.  He  solved  for  the  outgoing  P  wave,  the  S  wave, 
and  the  head  wave  in  between,  as  well  as  the  Rayleigh  wave  going  on 
out  along  the  surface.  Then  Tsai  and  Kolsky  did  some  experiments  at 
Brown  University.  They  measured  only  the  surface  waves  from  an 
explosive  charge  on  the  surface,  and  compared  them  with  theoretical 
results  based  on  the  Miller.... 

MR.  COOPER:  Was  this  with  glass? 

MR.  RODEAN:  They  did  it  first  with  glass  and  then  with  polyethylene, 
so  that  they  had  an  elastic"  as  well  as  a  viscoelastic  substance. 

Then  they  used  the  Miller  and  Pursey  solutions  to  try  to  get  an 
analytic  solution.  You  can  start  out  and  check  the  codes  against  some 
of  these  other  cases  where  we  have  solutions  obtained  by  other  means 
as  well  as  experimental  results.  You  match  those  so  that  you  know 
that  you  have  confidence  that,  yes,  you  are  doing  these  things 

correctly.  Then  you  go  on  putting  in  the  best  rock-failure  models 
that  we  know  of. 


MR.  RINEY:  I  wonder  if  there  is  not  the  possibility  of  this  being 
Brock-Coffin  factors.  Two-D  code  calculations  with  the  zoning 
required  for  the  accuracy  that  we  have  been  trying  to  do  in  one-D 
until  the  ILL IAC  IV  gets  on  the  air  are  going  to  be  an  order  of 
magnitude  more  expensive,  and  yet  we  have  seen  yesterday,  I  think,  on 
the  experiments  and  the  one-D  calculations  close  in  that  we  could  not 
actually  calculate  the  RDP  accurately  without  looking  inside  the 
cavity.  I  think  that  was  the  conclusion  yesterday. 

MR.  RODEAN:  Without  looking  inside  of  what? 
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MR.  RINEY:  Without  looking  inside  the  original  numbers  you  did  close 
in,  tne  representation  of  the  energy  source,  the  finger  was  pointed 
at  it  as  a  possible  source  of  .... 

MR.  RODEAN:  Oh,  you  mean  the  peak  in  experiment  versus  calcula^bn. 

MR.  RINEY:  Yes.  It > seems  to  me  that  in  one-D  we  should  ^o  a  better  job 
there  before  we  go  into  the  two-D.  I  think  it  might  be  »  rthwhile  to 
really  understand  and  be  able  to  verify  that  first. 

MR.  RODEAN:  Except  let  us  put  it  in' perspective.  As  far  as' VELA  Uniform 
is  concerned,  ARPA  wants  many  of  these  answers  in1  a  few  years,  and  who 
knows  how  long  it  will  take  to  work  up  this  other  thing?  I  think  it  is 
legitimate  to  use  available  tools  to  do  a  few  representati *;a  problems 
now  because  at  present  the  pictures  I  drew  on  the  board  are  just  hand 
waving. 

MR.  COOPER:  It  is  not  as  if  nothing  was  being  done  or  has  been  done 
in  this  area.  , 

MR.  RODEAN:  Let  us  recognize  that  what  you  say  is  true.  Let  us  also 
realize  that  we  have  been  concentrating  on  a  seismic1 source  based  Upon 
an  assumed  spherical  explosiori  for  6  or  7  yr.  Really,  the  two- 
dimensional  seismic  source,  which  is  much  closer  to  reality,  has  never 
been  addressed  from  the  standpoint  of  our  explosion-calculation  point  1 
of  view,  so  let  us  at  least  make  a  start.  That  is  what  I  am  saying. 

I  am  not  proposing  a  big  parametrit  study  or  anything  like  that. 

These  problems  should  be,  at  least  in  the  beginning,  few  in  number  but 
well  thought  out. 

MR.  COOPER:  Well,  I  would  vote  for  parametric  studies  because  I  wonder 
if  you  know  the  details  of  the  things  that  really  count  to  define  just 
a  few  problems.  I  think  this  may  be  the  thing  that  Dave  is  worried 
about.  Once  you  say  you  are  going  to  start  into  parametric  studies, 
the  alternatives,  or  parameters  that  may  be  varied  are  so  numerous 
that  you  really  have  to  do  a  lot  of  calculating. 

MR.  TRULIO:  And  if  you  do  it  in  one  dimension,  it  is  ha'rd  to  see  why 
you  won  t  have  to  in  two. 

I 

MR.  HARKRIDER:  I  have  one  question.  When  you  do  the  two  dimensional, 
do  you  save  the  free-surface  displacements  if  you  do  a  free-surface 
problem? 

MR.  TRULIO:  Yes. 

•  i  i 

MR.  HARKRIDER:  Because  speaking  not  only  for  seismologists,  some  of 
us  are  interested  in  the  generation  of  acoustic: gravity  waves  in  the 
atmosphere  due  to,  say,  the  surface  displacement,  and  use  that  as  our 
driving  force.  We  would  like  to  have  those  if  you  have  any. 
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MR.  TRULIO: 
year. 


We  save  the  tapes  for  a  certain  length  of  time,  like  a 


-<ws: -far  r 

der  Is  that  totally  out  of  the  question  at  the  moment? 

I  "  ? ‘S-tbS/ wSefi  “so!ve"TS  S0lve  ,th1s>  °r  *> 

ass  rs!?AKrs  iKC»rr.:K-”SF 

be,  or^'p^sslnj"*6  U  re,3tive  t0  the  d1rect1<>';  «>«»  ft  might 

leSVd'oVJhe  MS  be  l9n°H"9  the  *h.t 

Uinh^K  That  i!?  tn/e*  That  would  be  the  Initiation  of  It  It 
in  a  combination  where  you  would  do  one  type  of  nrobiemand 

SluS  ^"failure !>Ut  1  th1nk  *°U  COuld  lea™  a  ^  «  SrWStlSlon 

1  d0?,t:  think  at  this  point  that,  even  In  a  spherical  aoDrox- 
that1™!^  r  Can  9*ve  y0U  a  source  for  an  explosion  In  a  crystalline  rock 

experience  w"th$thlt  ^i^d^f^rlckl^TOdiuml^.Twhl  ch  the^retiJSl^akJ 

as  ivrrs.-  iiiaS™ 

MR.  COOPER:  It  is  a  thing  of  degree.  Isn't  It? 

J  TRb4?*  JI'm  thinking  of  NTS  granite  again,  and  the  fact  that  Hard- 
hat  and  PHedriver  are  not  the  same  event  scaled 


fift&SyBgunurajB  ns 
apS-E-3S5S£SSfflR- “ 

separation  of  Instrument  stations  from  the  tSnnel  floor  Ljhe 
perturbations, were  small  although  probably  present.  th 

^haFf?S!5R:  l  saw  some  accelerator  records  from  shots-Shelton  will 
probably  remember— a  couple  of  shots  at  pxartiu 

Jo??ctl5a;h«estt^cef?r  A 
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MR.  COOPER:  Are  you  talking  about  very  close  in? 

MR.  FRASIER:  Very  close-in  stuff,  yes,  including  initial  wave,  and 
all  of  the  reverberations,  all  of  the  details  afterwards  for  a  long 
time.  I  can't  remember  what  events  they  were. 

MR.  PERRET:  It  sounds  to  me  like  the  Sterling  records  versus  Miracle 
PI  ay  data.  Those  were  the  records  that  included  compression  wave  and 
shear  waves.  They  did  fit  together  very  nicely  but  were  from  quite 
different  kinds  of  shots.  One  was  a  nuclear  shot  in  a  cavity  and  the 
other  was  a  gas  mixture  in  the  same  cavity. 

MR.  FRASIER:  But  that  should  be  telling  us  something  about  the 
similarity  of  shot  environment  from  shot  to  shot.  I  wonder  if  the 
two  codes  for  these  two  different  type  events  would  converge  to  give 
you  similar  records? 

MR.  PERRET:  They  should  theoretically,  anyhow.  If  those  are  the  ones 
we  are  talking  about. 

MR.  TRULIO:  I  don't  think  there  are  good  accounts  of  Salmon  yet. 

MR.  COOPER:  The  data? 

MR.  TRULIO:  The  theoretical  calculations. 

MR.  RINEY:  There  were  some  that  were  done. 

MR.  TRULIO:  Yes,  the  way  in  which  agreement  was  obtained  with  experi¬ 
ment  was  to  ignore  the  lab  data  on  strength,  and  again  repeat  the  game 
that  was  played  with  Piledriver.  It  is  sort  of  a  meaningless  and  circu¬ 
lar  procedure  if  you  want  to  develop  a  prediction  capability. 

MR.  COOPER:  But  it  is  not  entirely  meaningless,  I  don't  think,  either. 
Again  I  refer  to  the  experiments  that  we  were  involved  in  at  Cedar 
City,  Utah.  All  of  the  experiments  were  very  near  the  surface.  One 
thing  that  came  through  very  clearly  in  terms  of  close-in  phenomena 
near  the  surface  was  that  the  joints  and  the  fractures  in  the  rock 
controlled  the  late-time  phenomena.  I  think  that  this  late-time 
phenomena  is  what  you  are  really  interested  in,  because  that  is  where 
you  get  your  low  frequency  input. 

MR.  TRULIO:  What  I  am  saying  is  that  we  should  stay  away  from  jointed 
rocks  right  now. 

MR.  COOPER:  That  is  a  great  idea,  but  is  it  realistic? 

MR.  TRULIO:  Alluvium  and  tuff  and  salt  are  the  kinds  cf  media  in  which 
we  ought  to  try  to  understand  signal  propagation  before  we  try  to  under¬ 
stand  them  in  rocks  that  are  cracked  and  faulted. 
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MR.  COOPER:  But  I  did  not  finish  tny  point.  What  we  found  was  a  lot  of 
data  scatter.  It  may  be  that  the  best  you  can  ever  hope  to  do  with  the 
calculations  Is  to  fit  the  norm  of  the  data  scatter.  The  experiments 
were  conducted  wl th  high  explosives  In  planar  arrays  that  presumably  gen¬ 
erated  a  plane  wave  over  some  region.  However,  we  found  that  the  motions 
were  not  planar.  This  Is  evident  not  only  In  the  transient  records,  but 
also  from  pre-  and  post-test  surveys  that  clearly  show  that  displacements 
took  place  along  paths  of  least  resistance  down  the  jointing  planes. 

MR.  CHERRY:  That  may  be  true,  but  as  far  as  Hardhat  is  concerned,  I 
think  we  had  three  measurements  there,  two  stress -hi story  measurements, 
and  then  some  displacement  records. 

MR.  PERRET:  You  had  five  or  six  stations. 

MR.  CHERRY:  I  don't  know  whether  you  can  see  this  or  not.  (Showing  Fig¬ 
ures  28-30  from  Cherry,  0.  T. ,  and  F.  L.  Petersen,  Numerical  simulation 
of  stress  wave  propagation  from  underground  nuclear  explosions,  Proceed¬ 
ings  of  the  Symposium  on  Engineering  with  Nuclear  Explosives ,  1970,  Las 
Vegas,  American  Nuclear  Society)  The  puzzle  on  Hardhat,  5  kt  in  granite, 
was  that  here  the  dotted  line  Is  the  measured  radial  stress  versus  time, 
and  the  solid  line  Is  the  calculation  at  62  m,  4  kb.  At  120  m  the  dotted 
line  Is  the  measured  value;  the  solid  line  Is  the  calculated.  It  is  not 
bad  agreement.  To  go  to  the  reduced  displacement  potential  you  find 
that  the  Initial  peak  Is  missing,  and  I  don't  know  what  happened 
to  It.  It  Is  going  to  be  very  difficult,  I  think,  to  match  the  stress- 
history  measurements  at  62  and  120  m  on  Hardhat,  and  then  still  reproduce 
that  peak  on  the  reduced  displacement  potential.  I  just  don't  see  how  to 
do  It.  You  are  going  to  have  to  throw  something  out. 

MR.  PERRET:  Are  those  the  stress-gage  measurements  or  are  those  the 
stresses  calculated  from  the  velocity? 

MR.  CHERRY:  No,  these  are  stress-gage  measurements. 

MR.  HARKRIDER:  By  the  way,  Hardhat  was  one  of  the  most  anomalous  explo¬ 
sions  we  have  ever  observed  In  the  sense  that  the  Love  waves  were  enor¬ 
mous.  We  apparently  had  a  great  deal  of  tectonic  release. 

MR.  COOPER:  Let  me  finish.  I  don't  entirely  disagree  with  Jack.  I 
think  the  problem  of  determlnlnc  rock  properties  for  use  In  code  calcula¬ 
tions  is  a  problem  of  translate g  what  you  can  measure  in  the  laboratory 
with  respect  to  material  properties  to  a  condition  that  relates  to  the  In 
situ  state  of  the  rock.  In  situ  rock  property  tfestlng  Is  expensive,  If 
the  attempt  Is  made  to  determine  the  general  response  of  rock  under  all 
sorts  of  stress  and  strain. 
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MR.  PERRET:  I  think  one  thing  you  have  to  remember  about  laboratory 
tests  on  cores  is  that  they  give  upper  bounds  for  the  strength  of 
materials,  because  if  you  can  get  a  core  out  of  a  rock,  you  have  some 
of  the  better  rock  from  that  formation.  If  there  are  any  close-joint 
systems  or  weak  bedding  planes  you  don't  get  much  core. 

MR.  TRULIO:  What  they  do  in  the  lab  to  get  around  that  problem,  and 
nobody  knows  whether  they  succeed  or  not,  is  to  crack  the  sample. 

MP.  COOPER:  I  agree  that  is  th;*  right  direction. 

MR.  ARCHAMBEAU:  But  what  if  the  medium  you  are  dealing  with  is  stressed 

to  a  fairly  high  level?  When  you  do  the  test  in  the  lab,  you  are  not 
stressing  it  at  that  level,  and  you  are  then  measuring  failure 
properties  without  prestress  are  you  not? 

MR.  PERRET:  When  you  take  the  core  out,  you  unload  it.  right  away. 

MR.  ARCHAMBEAU:  Yts,  I  know;  so  it  me^y  not  be  very  relevant  to  the  site. 

MR.  TRULIO:  In  much  of  the  work  that  has  been  done,  the  experimenters 
have  attempted  to  get  around  that  problem  by  prestressing  their  lab 
samples. 

MR.  ARCHAMBEAU:  Yes,  if  you  know  what  the  prestress  in  the  earth  is 
and  if  you  deal  with  fractured  rock,  that's  fine. 

MR.  COOPER:  Are  you  familiar  with  the  work  that  Wayne  Brown  has  been 
doing? 

MR.  BROWN:  We  have  done  about  every  kind  of  prestressing  you  can  do 
In  a  triaxial-test  apparatus,  which  means  a?  is  equal  to  03.  We  have 
done  this  with  various  stress  ratios  and  with  constant  confining 

Pressure.  We  have  also  performed  such  tests  in  uniaxial  strain  and 
ydrostatically  up  at  stress  levels  on  the  order  of  10  kb  and  with  a 
variety  of  stress  and  strain  conditions.  The  crack  conditions  we  have 
been  doing  to  date  have  been  in  specimens  where  we  precracked  the  rock. 

We  put  a  s^ft  jacket  on  the  specimen  and  end  load  it  until  it  fails. 

Then  we  carefully  place  this  in  a  pressure  vessel  and  apply  triaxial 
loads.  The  initial  crack  pattern  is  random,  and  varies  from  specimen 
to  specimen,  but  the  triaxial  results  are  reasonably  consistent  from 
specimen  to  specimen. 
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MR,  ARCHAMBEAU:  The  joint  systems  maybe  have  a  great  deal  of  regularity 
to  them. 

MR.  BROWN:  Right.  One  of  the  things  we  are  hoping  to  do  next  Is  to  look 
at  specimens  where  we  have  well  known  joint  systems. 

MR.  ARCHAMBEAU:  What  about  edge  conditions? 

MR.  BROWN:  Edge  conditions  are  something  we  can  control  in  a  tri axial 
test  vessel  to  the  extent  of  keeping  o 2  equal  to  03,  or  in  a  cube-type 
test,  where  all  three  principal  stresses  may  differ.  However,  the  pres¬ 
ent  method  of  performing  the  cube  test  is  not  very  satisfactory  for  pre¬ 
cracked  specimens. 

The  other  problem  that  Hank  is  referring  to,  though,  is  the 
gross  problem  of  the  in  situ  rock.  We  have  done  some  work  on  the  Cedar 
City  granite  in  situ.  Let  me  sketch  the  configuration  of  our  in  situ 
specimen. 


This  work  involves  a  specimen  which  is  an  end-loaded  cantilever  prism. 

The  specimen  is  formed  by  cutting  two  parallel  slots  inclined  at  60  deg 
to  the  horizontal  surface  of  the  rock  such  that  they  intersect.  A  third, 
vertical,  slot  is  then  cut  normal  to  the  other  slots,  forming  the  end  of 
the  specimen.  In  an  end  view  the  specimen  is  an  equilateral  triangle. 

The  load  is  applied  at  the  free  end  with  flat  jacks.  Strain  gages  and 
displacement  transducers  attached  to  the  surface  record  the  rock  defor¬ 
mation. 
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This  test  configuration  has  the  advantage  of  being  well 
defined  in  cross  section.  We  apply  a  uniform  stress  to  the  end  so  the 
stress  field  in  the  specimen  is  well  defined.  In  the  tests  conducted 
to  date  we  have  found  that  breakage  occurs  in  the  rock  at  stresses  on 
the  order  of  1500  psi.  This  is  from  two  tests,  one  with  a  specimen 
dimension  2-ft  across  and  another  with  a  width  of  4  ft.  A  series  of 
tests  is  being  performed  and  other  specimen  sizes  will  be  tested. 

Now,  if  we  take  samples  of  this  rock  into  the  laboratory  and 
run  unconfined  compression  stresses,  we  find  compression-failure 
stresses  of  the  order  of  9,000  to  10,000  psi,  considerably  higher  than 
the  strength  observed  in  field  tests.  Another  interesting  thing  we 
fi*.  ’  is  a  size  effect  on  the  modulus.  We  don't  have  the  data  fully 
reduced,  but  it  appears  that  we  are  getting  a  size  effect  as  we  plot 
modulus  versus  specimen  width,  with  the  modulus  decreasing  with  size. 

It  is  possible  that  the  modulus  is  dependent  on  flaws.  As  the 
specimen  becomes  larger  we  take  in  a  greater  number  of  flaws  and 
eventually  the  effect  ought  to  level  off  as  the  size  increases. 

MR.  SMITH:  At  the  small  specimen-size  end  of  the  curve,  do  you  go 
anywhere  near  the  single-crystal  measurements? 

MR.  BROWN:  In*  laboratory  samples  are  typically  1  in.  in  diameter 
and  2-in.  long,  and  the  larger  grain  dimensions  are  of  the  order  of 
1/8  in. 

MR.  SMITH:  Does  it  look  like  it  is  heading  up  to  what  one  expects? 

MR.  BROWN:  As  far  as  the  specimen  dimensions,  they  are  still  on  the 
low  side.  The  modulus  for  lab  tests  will  run  typically  anywhere  from 
900,000  psi  up  to  3  million  psi. 

MR.  HANDIN:  This  rock  has  a  porosity  of  about  5  percent. 

MR.  BROWN:  If  you  look  at  the  data  we  have  so  far,  it  indicates  that 
modulus  is  decreasing  with  size.  For  the  smaller  specimen  it  is  on  the 
order  of  450,000  psi  and  for  the  larger  one  on  the  order  of  700,000 
psi.  We  seem  to  be  getting  a  size  effect,  and  when  this  phase  of  the 
experimental  program  is  complete,  we  should  have  a  good  idea  of  the 
size  effects  for  Cedar  City  granite.  Two  things  are  apparent  at  this 
rnint.  First  of  all,  the  strength  is  drastically  lowered  from  nine  or 
ten  thousand  to  1500  psi,  and  secondly,  we  find  that  the  modulus  is 
decreasing  by  a  factor  of  two.  The  in  situ  measurements  are  showing  a 
significant  decrease  with  size  in  both  strength  and  in  modulus. 
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All  nf  tJ*S££r,°:  notthis  happens  In  a  dynamic  test  we  don't  know 
*  a  eth  tests  IThave  descr1bed  were  quasi-static,  so  no  Inertial 
2SgtJS.UP-  1  pr0Sume  these  wil1  be  aPP^ent  In  the  code 

effects ‘"^Sn  il*L 2?  l0me  °^ers  that  we  don,t  ™>del.  such  as  dispersive 

£S?  -  mse  jsss- wja* 

propagation,  it  is  going  to  have  to  come  from  calculations  in  soft  rock 
MR.  ARCHAMBEAU:  For  now,  yes. 

!wSMIIH:  1  am  really  Pu22led  by  your  comments  about  the  modulus 
there,  because  you  don't  see  that  size  effect  when  you  infe^the 

a  acou1st1^  velocities.  You  get  fairly  good  correspondence 
from  a  small  sample  to  the  in  situ  measurements.  P 

MR.  BROWN:  Yes,  but  I  think  that  is  quite  a  different  situation 
strp«°i  hT  s^®sses  hi9h  enough  to  start  closing  cracks,  ^he'low- 
strulluriy6  WUh  aC°USt1C  Sl9nals  *>"'*  d0  a ebbing  to  the  J-ock 

slJnWocJi  hla^be  1  am  not  understand1ng  you.  If  you  r’.o  laboratory 
sonic  tests,  and  you  compare  the  compress ionai -wave  soeeds  that  vm/ 

flld^tV  p  Wfat  y°U  WOuld  get  seismic  measurements  the 
field,  the  seismic  measurements  are  lower. 

MR.  SMITH:  No,  I  think  in  the  laboratory  if  you  reproduce  the 
pressures  you  are  looking  for  you  get  quite  good  correspondence. 

wTS'tta?:  they  are  ,0Wer-  The  f1e,d-value  are 

Y°U  guys  are  talking  on  the  basis  of  different  experience 
i  Seism?logist  and  you  are  talking  abouTusiilg 

gSS.’STM  ffl“r^yusrp?^u  IXIX^°T are 


MR.  SMITH:  I  guess  the  inference  from  that  is  the  reason  we  don't  cpp 
e  size  effect  there  is  that  all  of  these  cracks  are  all  closed  up. 

^surface- typ^ test. °Ur  *"*  'S  "°  C0"fin1n9  pressure- 
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MR.  CHERRY:  How  important  is  the  viscosity  of  the  rock  in  affecting 
both  the  attenuation  and  the  transmission? 


MR.  ARCHAMBEAU:  It  has  a  very  strong  effect  on  the  high-frequency 
waves.  The  effective  Q  for  transmission  of  body  waves  is  like  1000  in 
the  crust  and  decreases  to  something  of  the  order  of  100  in  the  upper 
mantle. 

MR.  CHERRY:  How  would  that  Q  go  into  a  stress-strain  rate  formulation? 

MR.  ARCHAMBEAU:  I  was  referring  to  a  measured  or  an  observtd  Q.  You 
can  interpret  the  observed  Q  in  several  ways.  One  of  the  ways  we  treat 
it  analytically  is  to  specify  an  operator  equation  relating  stress  and 
strain  such  that  an  operator  P  acting  on  the  stress  is  equal  to  some 
operator  Q  operating  on  a  strain,  and  that  both  operators  are  linear 
combinations  of  differential  and  integral  operators  in  time.  So  if  you 
use  that  in  the  equations  of  motion,  what  comes  out  are  complex  moduli, 
which  are  in  general  functions  of  frequency. 

MR.  CHERRY:  Is  it  the  Voigt  solid? 

MR.  R0DEAN:  You  are  talking  about  things  like  the  Futterman  theory  of 
attenuation,  essentially. 

MR.  ARCHAMBEAU:  Yes,  basically  the  same  sort  of  thing.  You  get  a 
generalized  solid  which  has  elastic  moduli  that  are  frequency  dependent 
in  a  particular  functional  way,  since  you  assume  linear  operators  which 
are  either  of  convolution-type  or  time-derivative  operators,  and  if  you 
take  the  Fouritr  transform  of  the  stress-strain  relationship,  then  all 
you  get  out  of  that  are  complex  moduli,  and  they  are  frequency 
dependent  in  some  complicated  way. 

MR.  CHERRY:  Maybe  we  could  make  it  simpler. 

MR.  ARCHAMBEAU:  It  is  a  generalized  viscoelastic  medium. 

MR.  CHERRY:  If  you  stay  in  the  time  domain,  it  is  just  like 
aerodynamics.  A  strain  rate  appears  in  the  stress  in  the  same  way  as 
in  aerodynamics. 

MR.  ARCHAMBEAU:  You  mean  the  linear  viscosity? 

MR.  CHERRY:  Yes. 

MR.  ARCHAMBEAU:  No. 
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MR.  CHERRY:  Could  you  write  a  formulation  down? 

MR.  ARCHAMBEAU:  What  you  want  to  construct  is  a  formulation  which  is 
a  generalization  of  Hooke's  law,  so  you  define  some  operator  P,  where 
P  is  an  integral -differential  operator  with  the  general  form: 


P(f)  ■  Y.  an  nr  f(‘>  +  L  Ajt  -  O  f(i)  * 

n=o  at  m=o  o 

where  f  is  any  function  of  time  and  the  spatial  coordinates.  Now  this 
is  the  "stress-operator"  form,  and  Q,  the  "strain  operator",  has  this 
form  as  well  with  different  coefficients,  so  we  have 


Q(g>  *  L  «.  nr  g(t)  +  X  /V*  - T)  str)  dT 

£=0  at4  Foo  k 


MR.  CHERRY:  Does  the  convolution  give  you  a  solid  with  memory? 

MR.  ARCHAMBEAU:  Yes. 

MR.  HARKRIDER:  It  is  rate  and  memory. 

MR.  ARCHAMBEAU:  Now  the  stress-strain  relation  is: 

P{°ij>  ■ 

where  o^j  is  the  stress,  e^  is  the  strain,  and  c^j  is  the  normal 

matrix  of  elastic  moduli.  I've  employed  the  summation  convention  in 
writing  this,  so  there  is  an  implied  summation  over  both  k  and  a.  The 
coefficients  in  the  operator  Q,  such  as  the  ce,  would  normally  depend 
on  the  indices  k  and  £,  but  I'll  suppress  that  here  for  brevity  and 
clarity. 

Now,  you  can  take  a  Fourier  transform  of  this.  Then  what  you  get  if 
you  operate  on  this  with  the  Fourier- transform  operator  on  both  sides, 
since  P  and  Q  have  the  properties  of  being  differential-  and 
convolution-type  operators,  is: 

p(“)  =  [ciJ  ei<i 

These  are  the  simple  algebraic  products,  and  the  P's  and  Q's  are: 

N  n  M 

P(®>  *  T.  an“  +  Z  bfiiM 

n=o  m=o 
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with  a  similar  form  for  Q(oj). 


then  you  jJst^etf"*  t0  Writ£  d°Wn  the  effective  elas«t  constants, 


■u  ■  [‘ii  W 


The  constants  [Q(u)/P(u)]  c-j  are  your  effective  elastic  constants. 

this  constitutive  relation  into  the  equation 
motion  and  what  you  arrive  at  is  the  ordinary  equations  of  mo  ,on  in 

Si  equations  tT"  **  C°"S?a"ts  thaFaJ^T 


[s.(j 

[PU)  cijJ 


and  are  frequency  dependent. 

in  thD  **  unfortunate  I  used  Q  as  the  notation  for  the  operator 
for^hP  P^^h1-0115’  but  °?serve  that  the  anelastic  property Por  Q 
,  £!r£Mfua  vfr?  S  owly  varyin9  Unction  of  frequency  Pver  quite 

thl  0/S1?.th,iJt4least  as,we,can  50  far  determine.  Sowhatever 
the  ratio  Q/P  is,  it  Is  very  slowly  varying  as  a  function  of  frequency. 

In  any  case,  from  this  rough  formal  specification  unn 
calculate  what  attenuation  and  phase  shift  can  be  expected.’ 

UL *When  you  peop1e  ta1k  about  the  velocity  at  the  core- 
viscosity?  f8“’  h°“  n'UCh  °f  tMs  ve,ocUy  is  influenced  by  the 

the  vi scous^ppoperties ^ e '  »  1s  "°*  '""““ced  perticuiariy  by 

MR.  RINEY;  Do  you  believe  the  possible  fluency  dependency  of  thp 
earth  properties  is  due  to  viscosity  or  is  it  so™  other  ShaMs!!? 

MR.  ARCHAMBEAU:  No,  at  least  not  in  the  usual  sense.  The  con¬ 
struction  I  just  went  through  is  purely  formal.  What  you  want  to 
consider  are  the  solid-state  mechanisms  that  a^e  appropriate  They 
are  predominantly  relaxation  mechanisms  associated  with  dislocations 
and  defects  in  crystalline  structure.  Seismic  wave?  5ve  «SSSSd 
low  stresses,  so  what  you  want  to  look  at  as  candidates  for 
absorption  in  the  earth  are  effects  activated  at  very  low  stress 
levels.  There  are  a  large  number  of  such  possibilities,  includinq 

“ttio°„fs:nterSt1tia1  at0,"S  1n  the  a"d  «.  diffusion  of 
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MR.  RINEY:  How  about  water  in  the  pores? 

MR.  ARCHAMBEAU:  Yes,  partial  melt,  in  the  upper  mantle  for  example, 
would  be  a  possibility,  along  with  pore  water  in  the  crust.  All  of  the 
ones  I  previously  mentioned  can  be  described,  if  you  like  solid-state 
terminology,  in  terms  of  defect  structure  and  dislocation  phenomena. 

MR.  FRASIER:  One  thing  you  see  is  you  see  waves  going  all  the  way 
through  the  earth,  through  the  core  to  the  other  side,  that  are  not 
dispersed  at  all,  body  waves  of  one  cycle,  say.  They  are  very,  very 
sharp  wave  forms,  so  they  can't  have  been  dispersed. 

MR.  ARCHAMBEAU:  The  dispersive  effect  of  this  attenuation  is  very, 
very  small . 

MR.  RINEY:  On  this  wavelength. 

MR.  ARCHAMBEAU:  In  the  seismic  bandwidth.  At  very  high  frequencies, 
of  course,  dispersion  is  going  to  be  important,  but  we  don't  work  in 
that  high-frequency  range,  simply  because  the  attenuation  associated 
with  these  mechanisms  is  very  strong  for  high  frequencies  and  we  just 
don't  see  them  of  course. 

MR.  RINEY:  Could  that  make  some  difference  in  our  calculated  reduced 
displacement  potentials? 

MR.  ARCHAMBEAU:  In  the  near-source  zone?  No,  you  are  talking  about 
effects  that  are  much  stronger  than  what  we  are  talking  about  here 
and  involve  different  physical  mechanisms. 

MR.  COOPER:  If  you  look  at  the  data  from  the  underground  tests  and 
compare  the  propagation  velocity  of  the  peak  stress  or  the  peak 
particle  velocity  with  seismic  velocity,  you  will  find  that  the  wave 
spreads  as  it  propagates.  Most  of  us  do  code  calculations  that  involve 
stress-strain  curves  that  are  concave  upward.  This  would  lead  to  a 
shocking  of  the  wave  front  as  opposed  to  the  observed  spreading.  Thus, 
we  are  missing  something  that  the  effect  under  discussion  would  provide. 

MR.  ARCHAMBEAU:  What  do  you  do  about  viscosity?  You  are  putting 
artificial  viscosities  into  your  program,  but  there  are  real  physical 
processes  which  would  give  an  effective  viscosity. 

MR.  COOPER:  It  is  generally  smaller  than  the  Q  that  is  used. 

MR.  ARCHAMBEAU:  Smaller  than  the  Q  magnitudes  that  I  am  talkinq  about 
here? 

MR.  COOPER:  Than  the  Q  that  is  used  for  the  artificial  viscosity. 


MR.  ARCHAMBEAU:  Yes,  but  that  is  an  artificial  viscosity  you  are  putttoq 
in  just  to  keep  your  program  from  having  a  fit.  P  9 

MR.  RINEY:  I  think  you  are  agreeing. 

MR.  ARCHAMBEAU:  Yes,  but  there  are  real,  nonlinear  dissipative  effects 

t0.JUt  1n  Jls0,  They  are  different  from  those  I  mentioned 
Thf  !T°?ab^  can  t  eJVl  be  reasonably  approximated  as  a  viscous  effect. 
The  mechanisms  are  different,  because  you  are  dealing  with  a  high-stress 
mechanism,  if  you  like,  dislocation  climb,  grain  rotation,  and  so  on 

MR.  COOPER;  I  don't  know  what  the  reasons  are.  The  dispersing  thinq 
-hat  Jack  was  discussing  would  give  you  pulse  gradients. 

at' JiRULI2ii  I?S^and  th3t  does.not  have  anything  to  do  with  dissipation 
at  all.  All  of  the  energy  is  either  kinetic  or  potential. 

rather^ than  unllarH11  sjbu  Jtress"strai  -urves  could  be  concave  downward 
ratner  than  upward.  If  that  were  so,  it  would  cause  the  pulse  to  SDread 

th0a‘h  JustJook]n9  lor  reasons  for  it  to  happen.  All  I  am  spying  is 

that  1S  the  Way®  ?preads>  0011,1  y°u  have  som  fil  on 

that  by  the  en^gy  that  you  calculate? 

ALEXANDER-  It  is  the  energy  that  is  propagated  away  and  accounted 
cases^amH) ^5  pe rcen  tN n"o the rs ^ **  °f  2  PerCen‘  S‘  °"e  range  ,n  Sore 

funrhRiShnni;inW5h  d?n ' 4  break  for  lunch,  gentlemen,  and  then  after 
lunch  I  hope  in  about  an  hour  or  hour  and  a  half  we  can  attempt  to  sum- 

nJrthe  Jhe  code“oaJculational  side  of  the  house  and  the  seismology  side 

‘hp^nthc56  .aJd  bopefu1ly  we  can  have  some  direction  to  march  to  in 
the  months  and  dollars  and  years  ahead. 
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CODE  CALCULATIONS:  REVIEW  OF  CURRENT  OUTPUT  CAPABILITY 


John  G.  Tvulio 
Applied  Theory ,  Ino. 


We  can  now  solve  routinely  problems  of  one-  and  two-dimensional 
ground  motion.  For  the  purposes  of  this  meeting,  the  one-dimensional 
problems  of  interest  are  spherically  symmetric  and  determine  the  field 
of  motion  on  region'  whose  breadth  is  very  small  on  the  teleseismic  scale 
of  distance.  Perhaps  an  hour  of  UNIVAC  1108  time  is  required  to  calcu¬ 
late  spherically  symmetric  ground  motion  from  an  explosive  source  to  a 
range  somewhat  greater  than  the  largest  range  at  which  shear  failure 
occurs,  if  the  calculation  is  carried  to  the  point  where  all  material 
within  that  range  has  come  to  rest. 

The  output  from  such  a  calculation  can  consist  of  just  about 
anything  you  want  to  see.  If  you  want  displacement  as  a  function  of 
time  at  a  point  in  the  field  just  outside  the  ultimate  range  of  shear 
failure,  that  can  be  obtained;  so  can  the  reduced  displacement  potential. 
In  fact,  those  quantities  are  presently  part  of  our  standard  code  out¬ 
put.  Radial  stress,  or  almost  any  other  continuum-motion  variable  can 
be  exhibited  in  a  table  or  graph  as  a  function  of  time. 

For  two-dimensional  continuum-motion  fields  I  would  say  that 
present  capabilities  are  about  like  this:  plane- symmetric  fields 
(which  are  probably  not  of  much  interest  here)  and  axi-symmetric  fields 
can  be  calculated  by  expending  about  10  or  20  hr  of  UNIVTC  1108  time. 

In  such  a  calculation,  the  number  of  zones  might  be  20,000,  that  is,  an 
array  of  400  x  50  mesh  points  might  be  employed.  You  can  see  that  even 
for  10  or  20  hr  of  1108  time  the  fineness  of  definition  of  the  field  of 
motion  is  not  as  great  as  that  obtained  in  the  spherical  case  at  a  cost 
of  1  hr.  On  the  positive  side,  the  amount  of  information  generated  for 
the  field  calculated  is  simply  enormous.  The  output  again  can  consist 
of  almost  anything,  including,  if  you  want,  the  scalar  and  vector  dis¬ 
placement  potentials  all  over  the  region  of  linear  motion.  At  the 
moment  our  codes  do  not  contain  routines  for  generating  those  particular 
quantities,  and  I  don't  know  whether  other  people  compute  them;  what  is 
put  out  now  are  the  standard  variables  of  stress,  strain,  and  velocity. 

In  both  the  one-  and  two-dimensional  cases,  we  should  be 
helped  a  great  deal  by  what  I  have  heard  here.  Your  interest  as  the 
motion  progresses,  centers  on  longer  and  longer  wavelengths,  and  if  we 
put  in  the  right  kind  of  dispersive  and  dissipative  mechanisms,  we  are 
helped  by  that  fact.  We  start  with  fine  definition  of  the  spatial 
region  of  disturbed  material.  Since  our  continuum  equations  and  their 
discrete  analogs  are  written  to  accommodate  quite  general  mesh-point 
motion,  the  points  of  a  mesh  can  be  made  to  spread  in  such  a  way  as 
always  to  cover  the  field  of  motion  even  though  the  number  of  points 
remains  constant.  Then,  although  the  points  move  farther  apart,  accu¬ 
racy  is  retained  for  your  purposes  because  as  time  goes  on  and  frequency 

Preceding  page  blank 
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“tewtld’S  mC',";  ?he  wave,en9ths  of  disturbances  that 

would  want  to  claim  numerical  solution  errors  W&20  percent -  Sven 

Join  y  fine,y  ZOTed  Pr°b,em’  errars  !••»  ^an  10  perceX“3  be  uT 

error  hac  C0Jes  are  Probably  now  set  up  so  that  round-off 

"?u significant  effect  on  the  numerical  solutions;  wherever 

by  tiSo  heF^dexamn^  “Ith  quanJities  that  are  incremented  timestep 
a.  .  tepj  r or  example,  in  computing  strain  the  displacement  field  i« 
updated,  and  not  just  the  particle  position  field?  P  6  d  ,s 

I 

in  «,•  1  5uinl<  ^at  for  u?  and  for  -You  the  main  problem  real lv  arises 
in  defining  the  medium  in  which  propagation  takes  Diace  It  H<vic  not 
matter  to  the  codes  whether  the  Sedium  i  ?prestr«tJd  or  not  Tt  °  ' 
literally  just  about  as  easy  to. solve  a  problem  in  which  m  initial 
!tref?  distribution  is  prescribed  as  it  is  to1  solve  the  same 

stresses°fandtJnntJntLhr°9Me0Ur  med1“rn”but  i'ou  have  to  know  those  , 
stresses,  mj  go  to  the  trouble  of  putting  the  detail  of  their  distri¬ 
bution  into  the  initial  conditions  of  the  problem.  You > therefore  want 

sitea^lSisHaSnUranCn^hat-y0U'are  rePresenting  some  material  or  some 
ilJin«!a-1Stlca  yu  2therwlS(i*  a11  we  normally  put  into  these  calcu¬ 
lable1  in™  overbu!"den  stress»  making  sure  that  initially  the  whole 
earth  is  in  a  geostatic  equilibrium  state.  Up  to  now  we  have  oenerallv 
put  in  overburden  stresses  as  uniform  hydrostatic  pressures  at9anv  lly 

iX&h**  POihnt  is„that  present  pract^e  does  notreflect  anybasic 
limitation  on  the  codes  or  the  methods  that  they  implement;  more  elabo- 

ate  initial  stress  distributions  could  be  assumed,  and  the  fields  of 
10-^OareafouJdteJnd°thie  St?9e  wh?re  maxl'raunl  strain  amplitudes  of  about 

20  perclnf  S?  throve?buSUm  eSSeS  are  ™Ch  more  than  10  w 

.  1 

a.,  e  .  ™e  Problem  then  remains  of  representing  the  mechanical  d  oDer- 

that  tl  Hat  vari°us  m®dia  whose  motion  we  try  to  compute.  I  wouldPsay 
thflt  to  date  we  have  been  most  successful  in  the  case  of  a  recent  shot 

n  tuff,  in  our  calculations  and  in  others  as  well,  the  objective  has 
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peak  velocIty^o^dlspUcement^ersus  ™B^h7*rn2t,J“t  curves  °f 

gages6  POi?*S ^ 

wts&ttsi &££^- * ifca^ 

otherwise  the  calculator  was  thl  T  °\,ts  mec,’?"i'a'  behavior; 
velocity-time  pulses  were  !  ?!  1"  each  case.  The  predicted 

interesting  range  of  calculation*  and3!!01"  °!  tw°  a?art  over  most  of  the 
range  exhibited  a  post?  !e  n!l«'a!!  ‘he  pulses  Fa1cu,ated  at  a  given 
•  minor  wiggles.  As  it  turned  out  thp  !?base  followed  by  some 

between  the  two  cal  ulated  extreme at' ^  ?e!h!hat  Were  me?sured  fel1 
were  also  fortunate  In  that  £^.2*  2 11  fhe  ranges  we  1ooked  at-  We 
one  another;  that  is  not^lwavs  th!  ™  PU|Sfh-t?0  *ere  consistent  with 
medium  and  for  a  small  vi2lrf  yfhoI  9  ’  1  think>  in  this  kind  of 

homogeneity  over  a  biq  eJouah  duZ'rl  t°™r?ason  to.hoPe  for  local 
are  observed  in  the  measured  motion  ce*°.that  no  senous  asymmetries 
medium  is  not  thoroughly  cracked  and  is  thprif°  W°rth  ?otlng  that  the 
built-in  dtrectiona,\iLeCsra!nkt6rodu«d,!yt5o6,r^°sr;s!eemsr!y  *"  °f  tbe 

material  mSde!sTEl!eede??erasro!0c^v!  th,!nlJ  !be  i',c,usi°"  in  the 
, partially  healed,  some  ooen--is  aoinn^n  ai?d  J°J[Jts""Some  healed,  some 
rpnrpspn^a+innr  1 1  P,.  1S  9°i ng  to  limit  the  accuracy  of  thp 

while f  iadon";  seetah!ymL;rs!lufi!nUn!n"'!ht,'!n  ca'fula«ons  for  quite  a 
problem  of  modelling  cracked  hard  rnrifc°  that.P^°b^ri1-  What  makes  the 

’field  measurements  of  quantities  HU  Lrt,?!!I3,,y  f°rb1ddtn9  1*  that 

and  sometimes  at  almost  the  same  a7imuthrtlple  0C1ty  at  a  given  range, 
selves;  evidence  of  inconsisw  th>  0Iten  dlsagree  among  them- 

iflos^i mportant properties  1(compactibi'lity  'rstSOnath^  hTge^us"  Its 

because  of  the  great  scatter  in  our  n3f,Ied  gr0jnd  field  accurately 

also  possible  for  the  amoliturip  of  fh3ge  re^?rds'  Similar  accuracy  is 
the  pulses  of  interest  here  and  for  t'ipe2at1+9  pbase  usually  found  in 
crystalline  rocks  good  accuracies  arp  .pil^9^9  °I  both  phases-  F°r 

SXSj  teKl-SfaKIS  "Vhhee  anny 

mainly  on^experienceNn^erforming  calculationtof^phertcally  symmetric 


231 


motion,  but  it  seems  to  me  that  comparable  accuracy  is  possible  even 
for  layered  media  provided  that  the  individual  layers  are  reasonably 
homogeneous  and  at  worst  orthotropic. 

I  think  that  is  where  the  slate  of  the  art  stands— although 
this  has  been  the  briefest  of  summaries,  and  there  are  probably  impor¬ 
tant  aspects  that  I  have  not  touched.  I  think  the  best  way  to  get  at 
them  is  just  to  answer  questions. 

MR.  BLACK:  Let  me  ask  you  a  question,  Jack.  The  event  that  you  are 
referring  to,  the  two  curves  or  the  two  sets  of  predictions  that  you 
made  for  that  event  were  based  on  a  very,  very  extensive  set  of  experi¬ 
mental  measurements  of  the  physical  properties,  Hugoniots,  isothermal 
compression,  the  whole  works? 

MR.  TRULIO:  Yes. 

MR.  BLACK:  What  would  you  say  you  would  get,  or  how  much  difference 
would  it  have  made  if  you  had  not  had  that  vast  amount  of  experimental 
data,  and  suppose  you  had  to  make  a  guess  as  to  what  the  kind  of  tuff 
would  have  been? 

MR.  TRULIO:  I  think  the  best  way  to  answer  is  to  say  that  some  of  that 
data  is  just  essential.  Without  it,  you  don't  make  a  calculation  that 
is  worth  doing. 

MR.  CHERRY:  I  agree.  As  far  as  I  am  concerned ,  without  some  of  it,  and 
the  "some"  I  Include  is  the  logging  data,  the  compress ional  velocity, 
and  the  in  situ  density,  plus  the  isothermal  compressibility.  I  feel 
these  are  absolutely  essential. 

MR.  TRULIO:  You  must  know  the  water  content,  and  the  compactibility  of 
the  material,  and  it  is  hardly  possible  to  proceed  without  loading  and 
unloading  hydrostatic  data  of  the  kind  Ted  just  mentioned. 

MR.  CHERRY:  Yes.  Once  you  have  compressed  the  rock  in  the  laboratory 
test,  you  can  just  release  it.  That  is  no  problem. 

MR.  TRULIO:  I  would  say  you  don't  need  much  data  at  mean  stress  levels 
as  great  as  40  kbar,  but  you  certainly  need  all  the  data  you  can  get  up 
to  a  ki lobar  or  two. 

MR.  BLACK:  I  guess  I  am  asking  the  people  who  have  vorked  with  this, 
certainly  LRL,  and  you,  Jack  (for  tuffs  that  you  are  all  familiar  with) 
could  you  hazard  a  guess  as  to  what  kind  of  range  in  factor  you  might 
expect  to  get  if  you  just  use  average  numbers  out  of  the  tables?  Is  it 
very  large? 
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hardest  rock  I  have^eve/enrounterpd6  t”nSt  °n  Schooner  that  was  the 
cotton  candy,  and  that ^^5  a  1  o  ViV  f?  bel°W  ifc  was 

over  a  layer  of  cotton  c'jndy  and  lt’wJ\n  VS*  Ike  a  layer  of  steel 
and  the  other  was  an  asUflw  Jiff!*  W*S  311  tuff>  0ne  was  a  welded  tuff 

MR.  ROTENBERG:  Which  one  did  you  use  In  your  code? 

MR.  CHERRY:  Both  of  them. 

MR.  BLACK:  How  much  difference  did  It  make? 

MR.  CHERRY:  It  made  a  large  difference. 

abie  ^predict  thedeffectsPnfP°SeS  W?er?  one  is  interested  in  being 
assuming  the  source  to  be  In  somU  !^?s1on  in  a  9lven  geologic  material 
data  (adequation  B  .1aS/»t*".& 

«n  !?  teen  done.  I  think  ,t 

predictions  accurate  to  within  the  err#  oPffod  .LasuJ^nt""  9M  °Ur 

you're  concerned  *1x1  th^whaM  ^possible  ^  present  but 

specific  question  presuoDoses  that  ail  w1ghJ  thi?  m*nute;  ir»  fact,  your 
scrlption  of  a  mSterfaTflke tiff!  *  1s  a  ^logical  de- 

”eismBkCwaveNspeead"tt,e  "'0re:  the  densit>  of  the  -tertal  and  the 

curves  of°nresshand\tra1n°for  arb1trthe  H‘re  speed";  y°u  don't  have 
or  hydrostatic  data.  hltrary  deformations,  or  even  uniaxial 


MR.  BLACK:  I  think  It  Is  very  unlikely. 

MR.  TRUUO:  And  you  don't  know  how  much  porosity  the  material  actually 

MR.  CHERRY:  That  Is  possible. 

MR.  BLACK:  You  may  know  the  porosity. 
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MR.  TRULIO:  That  is  absolutely  necessary. 

MR.  BLACK:  These  arc  numbers  that  are  in  the  common  geologic  literature 
for  description  of  geologic  materials  worldwide.  You  do  have  this  kind 
of  data.  It  is  not  complete,  but  there  is  something  to  guide  you. 

MR.  TRULIO:  If  you  give  the  porosity  alone,  and  a  general  descriptive 
category  like  "tuff",  then  you  won't  know  the  water  content,  so  .... 

MR.  BLACK:  Maybe  you  can't  answer  the  question.  I  am  just  asking  could 
you  hazard  a  guess  as  to  what  kind  of  range  you  might  expect? 

MR.  TRULIO:  I  am  talking  about  reproducing  the  velocity- time  pulse  at 
an  interesting  distance,  for  instance  where  the  peak  stress  is  half  a 
kilobar. 


MR.  CHERRY:  We  tried  to  model  the  French  data  with  just  the  name 
"granite",  and  some  of  their  description  of  the  kind  of  rock.  I  just 
used  the  Hardhat  granite  model. 


MR.  BLACK:  As  you  pointed  out,  it  didn't  fit. 

MR.  CHERRY:  It  did,  but  I  had  to  assume  that  the  rock  was  dry. 

MR.  RODEAN:  And  consolidated. 

MR.  BLACK:  By  assuming  it  was  Hardhat  granite,  you  mean  what,  then,  Ted? 

MR.  CHERRY:  Assuming  it  was  Hardhat  granite  unfractured  and  .... 

MR.  BLACK:  You  mean  in  terms  of  density  and  that  sort  of  thing? 

MR.  CHERRY:  Yes.  It  was  really  the  same  equation  of  state  as  for 
Hardhat  granite,  except  for  the  wet  crack  strength  curve,  I  used  the  dry 
consolidated  curve  for  the  material. 


MR.  TRULIO:  Let  us  draw  a  sharp  line  here  between  pre-shot  and  post-shot 
predictions.  They  are  much  different  beasts.  To  account  by  choice  of 
appropriate  parameters  for  an  event  that  has  already  taken  place  and 
whose  results  are  known  is  one  thing.  To  go  out  ahead  of  time  and  say 
"This  is  what  the  burst  will  do  in  that  medium",  is  something  else  again. 

MR.  ALEXANDER:  Which  were  you  referring  to  here  now? 

MR.  TRULIO:  Pre-shct. 
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MR.  ROTENBERG:  Do  you  think  this  tremendous  amount  of  detail  that  the 
rock-mechanics  people  are  able  to  present  is  really  necessary  to  give  a 
source  function  to  seismologists  of  the  same  order  of  accuracy  as  they 
are  able  to  cope  with?  They  don't  need  six-decimal  accuracy,  do  they? 

MR.  TRULIO:  Well,  the  kinds  of  errors  I  was  quoting  were  not  in  that 
ballpark. 

MR.  SMITH:  No,  but  the  critical  thing  is  that  we  don't  need  20-cycle 
information,  either.  You  are  suggesting  that  a  magnitude-yield  relation¬ 
ship  would  be  off  by  one  magnitude  unit  here,  and  we  don't  think  it  is 
that  bad  at  longer  periods. 

MR.  TRULIO:  I  am  glad  to  hear  that. 

MR.  ARCHAMBEAU:  How  are  you  judging  that  you  are  off  by  an  order  of 
magnitude,  in  the  shape,  in  the  amplitude?  What  quantitative  way  do  you 
have  to  describe  your  fit? 

MR.  TRULIO:  The  only  real  check  we  have  after  a  calculation  is  made  is 
a  subsequent  measurement  of  actual  motion  in  the  shot  that  is  supposed 
to  have  been  calculated.  First,  we  examine  gage  records,  comparing  them 
with  one  another.  Are  they  consistent?  How  big  a  spread  is  there  in 
the  experimental  data?  Then  we  compare  the  most  probable  measured 
velocity-time  histories  with  those  calculated. 

MR.  ARCHAMBEAU:  Is  the  shape  of  the  curve  off,  or  is  the  amplitude  off? 

MR.  TRULIO:  We  are  talking  about  both  shape  and  amplitude  now.  What  I 
am  saying  is  that  for  some  media— the  relatively  homogeneous  ones--you 
won't  be  off  by  as  much.  That  leaves  out  NTS  granite,  even  though 
Hardhat  was  predicted  well  enough  by  Ted  (and  by  us),  but  then,  why 
was  Piledriver  motion  different  from  Hardhat  motion? 

MR.  SMITH:  If  you  low-pass  filter  this  stuff,  you  would  not  find 
nearly  that  much  variation. 

MR.  ARCHAMBEAU:  That  is  what  I  am  suggesting  by  my  question.  He  should 
look  at  it  in  a  frequency  band  of  interest,  and  then  talk  about  how  badly 
you  are  doing,  or  how  good  you  are  doing. 

MR.  BLACK:  How  can  they,  though?  The  measurements  that  they  get  up 
close  are  not  in  the  band  of  interest  at  the  teleseismic  distances. 

MR.  SMITH:  Well,  you  have  to  low-pass  filter  those,  too. 

MR.  ALEXANDER:  Just  run  these  through  a  low-pass  filter,  cutting  out 
anything  above  a  few  cycles. 


*nl?ne“Ni„e?a°^lcf™fmtU,f^t!!at  T  are  ta,k1n9  ab°ut  1s  f"  the 
edr  inelastic  region,  and  how  do  you  apply  that? 

SIS;  *  are  ta,k<"9  ab°“t  looking  at  what  you  predict  in  the 

were  taken  only  i^the^nefast^reoin^fh**  ca'cu'4ted,  measurements 
calculated  wave  forms  will  Hp  nn  ?oce*  Howeyer»  * t  seems  to  me  that  the 

mode  conversion  If  It  is  linear!  suPP°se  dissipation  does  not  involve 

MR.  ARCHAMBEAU:  But  your  kind  of  dissipation  is  nonlinear. 

MR.  TRULIO:  Well,  yes,  in  shear  failure  or  in  compaction. 

MR.  ARCHAMBEAU:  So  you  do  get  mode  conversion. 

cal' /the  Elastic ’region?  bUt  ^  ‘ "y  SUCh  th1ng  take  P'ece  in  what  you 
MR.  ARCHAMBEAU:  No. 

MR.  TRULIO:  No  mode  conversion? 

MR.  ARCHAMBEAU:  No  mode  conversion. 

Uted^region  o^inelastic^?,^  Si9"a'  that  c^9«  calcu- 


MR.  ARCHAMBEAU:  That  Is  right. 


ssSr  ■“■-“.rii:;,:  isSirar^iSiirar 

H«r?J;Eh“eoJsTOl"<l  C'ain'  tha‘  a‘  tbe  lo"9  "»velengths  they  would  be 
"™“^g  periodsT'either?  71771111^7  *  y°“ 

-“buJ  ^m&on 

AriittieSuMih  lrt0re  c0mP^cated  than  linear  wave  propagation  take  place’ 

A  little  while  ago  I  emphasized  the  desirability  of  performing  sLll^lel, 
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«-  b-st 

such  bursts  to  take  place  In  relatlvpi^h™31  behavior»  and  we  want 
symmetry  Is  preserved.  A  few  explosfw  £225TiiOUS  IJaterial  so  that 
that  meet  those  constraints*  SaiE/Inu6  ?jePts  have  been  carried  out 

It  1*  Important  “’ont  n Mn't“'d  £°?he  °l  them>  and  1  *"* 

shots  around,  we  should  bp  ahio  For  the  few  satisfactory 

functions  In  your  definition  of  the^-P^V™  w1Jh  accurate  source 

burst  point  where  the  sira?ns  never  ex™ed  iS-4  «l  ‘I™  the 

Inelastic  deformation  has  permanent! V  r  0  5\and  times  when 
of  motion.  The  field  of  mStS  w?ii  hf!dSed  f°  °ccur  a11  over  the  field 

Material  that  deformed  Inelastiraiiu  Ve  ?vo^ved  to  a  point  where  even 
thereafter.  aeTormed  ’"elastically  experiences  only  elastic  changes 

of  concern Ito1youUarerprettyyhomoaeneoushat<:rii  b1T9  d1stances  the  media 

how  you  would  make  use^the  seismic  soiirr?* II*  1  would  11ke  to  see 
example,  how  would  you  process  thl  dlsolirplS^*^  P?"  prov1de-  For 
compute  at  distances  say  50  or  100  ft  f™m  Jh  h1Jtory  we  would 

tons  yield,  where  stresiwave  proSaLtfon 1  of  a  burst  of  10 

be  linear?  As  I  understand the DOinfof  vlL 1121  greater  ranges  would 
problem  Is  then  defined  for  you  in  the  sense  tha^  th^  expressed*  the 
disturbances  Is  adequately  sDPrifipH  6  5enSe  4  ,  the  source  of  seismic 
not  talk  about  distances  frcJS  to  bSwt^SSVe"0*1'^  that  you  d1d 

only  linear  deformation  takes  place,  2,1  &  taJto"  Where 

MR.  ALEXANDER:  That  Is  all  we  need. 

a  se,smic°s,gnal  b2Ul252lWiSg^e“f*^but1ons  that  m19bt  be  made  to 
MR.  ARCHAMBEAU:  Yes. 

worry^about  eSSta WlSTSStWh""  the  J?1"-  don't 

-  “««7-?TbS^ri-c55iaos9,c 

??eq“VS?^  W?  SJS  al”“‘  ‘be  high 

damp  out  at  greater°distances?e  th°Se  1n  close‘1n  "M"i  but  they  would 
MR.  ALEXANDER:  Those  would  get  progressively  less  Important. 

functions  with  yourVegulrawnts  in'mind!'6™5**"9  t0  ana,y“  our  souroo 
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MR.  ROTENBERG:  We  could  do  fairly  rough  calculations,  rough  with 
respect  to  our  own  standards,  and  still  yield  one-cycle  information  that 


MR.  TRULIO:  Yes. 

MR.  ARCHAMBEAU:  The  only  thing  that  bothers  me  is  that  you  are  really 
dealing  with  a  messy  physics  problem  here,  a  nonlinear  problem,  in  your 
zone,  so  you  might  not  be  able  to  get  too  sloppy  about  it,  because  you 
have  frequency  transfer,  that  is,  energy  transfer  between  different  fre¬ 
quencies. 

MR.  TRULIO:  For  the  sources  that  can  reasonably  be  considered  spherical 
(and  the  experimental  data  are  the  ultimate  test  of  that)  there  is  no 
worry  about  the  cost  of  doing  the  calculations.  They  are  not  expensive. 
You  can  put  in  all  the  zones  you  need,  especially  if  (as  I  suspect)  the 
calculation  of  wave  propagation  from  the  seismic  source  we  supply  is  a 
much  more  elaborate  and  expensive  job  than  getting  the  source  itself;  the 
calculation  ot  the  seismic  source  might  just  as  well  be  done  accurately. 

MR.  RINEY:  Jack,  in  your  calculations  for  tuff,  how  did  you  represent 
the  source:  Accurately,  or  did  you  use  the  adiabatic  expansion? 

MR.  TRULIO:  The  burst  to  which  computation  I  keep  referring  happened  to 
take  place  in  a  cavity.  We  put  in  only  a  little  device  detail  because 
the  cavity  was  large  compared  to  the  device,  but  we  made  sure  that  we 
included  the  detail  that  prior  experience  showed  to  be  necessary. 

MR.  RINEY:  Okay,  I  realize  there  was  not  too  much  detail.  It  was  not 
merely  the  adiabatic-expansion  type  of  thing. 

MR.  TRULIO:  Oh,  no. 

MR.  RINEY:  I  think  that  is  important. 

MR.  TRULIO:  Well,  for  a  cavity  whose  volume  is  only  double  that  of  the 
device,  for  example,  you  calculate  the  explosion;  it's  not  a  difficult 
thing  to  do. 

MR.  RINEY:  But  it  is  not  done  quite  often,  I  think. 

MAJOR  CIRCEO:  Say,  Jack,  your  first  calculation  of  this  shot  was  done 
with  the  information  from  the  tuff  in  Area  12,  isn't  that  right? 

MR.  TRULIO:  That  ts  not  quite  right.  Doug  Stephens  put  out  a  report  on 
work  done  (I  think)  at  least  a  year  before  the  shot  we  were  calculating, 
and  maybe  earlier,  in  which  he  defined  an  "NTS  tuff"  supposedly  repre¬ 
sentative  of  the  many  tuffs  found  at  the  whole  site.  Data  for  Area  12 
tuff  influenced  Stephens'  "NTS  tuff"  somewhat. 
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CIRkE2i  If  you  get  avfra9e  Physical  properties  in  the  area,  you 
could  probably  come  pretty  close. 

MR.  TRULIO:  That  might  be  fortuitous.  I  think  that  the  important 
properties  of  Stephens'  average  material  really  do  bound  the  corre¬ 
sponding  properties  of  the  material  we  happened  to  be  modelling;  other- 
wise  the  fact  that  the  experimental  data  were  bracketed  by  our  "bounds" 
would  have  little  or  no  meaning.  We  computed  two  fields  of  motion,,  I 
think  one  really  presents  a  lower  bound  to  the  principal  parameters  of 
ground  motion  and  the  other  an  upper  bound.  Now  that  I  think  of  it,  I 
believe  (a)  the  only  important  feature  of  the  material's  behavior  that 
was  not  included  in  the  material  model  is  the  strain-rate  dependence  of 
the  stress,  and  (b)  if  strain-rate  effects  were  incorporated  in  the 
model,  the  resulting  curve  of  peak  velocity  vs  range  would  lie  between 
the  two  that  we  presented  as  pre-shot  bounds. 

MR.  CHERRY;  I  think  it  might  be  interesting  to  go  through  how  an  equa¬ 
tion  of  state  of  a  site  is  developed  for  a  calculation,  and  have  you 
people  criticize  it  in  terms  of  the  physics  that  you  think  may  be  mi 
for  the  kinds  of  wavelengths  you  are  interested  in. 


ssing 


MR.  TRULIO: 
lation. 


Or  any  other  things  that  might  be  missing  from  the  calcu- 


MR.  CHERRY:  Of  course. 

MR.  TRULIO:  For  example,  and  remembering  that  the  calculations  are 
carried  to  a  point  where  material  experiences  maximum  stress  excursions 
thao  are  maybe  10  or  20  percent  of  the  overburden,  we  may  need  to  define 
better  initial  conditions  on  the  field  of  motion. 


MR.  CHERRY:  But  I  don't  see  the  problem,  because  once  the  reduced  dis¬ 
placement  potential  that  the  code  calculates  does  not  change  as  you  move 
to  the  next  point  that  you  call  for,  then  you  are  by  definition  in  the 
elastic  region  as  far  as  the  code  is  concerned.  There  is  nothing  else 
you  are  going  to  get  out  of  this  calculation  by  running  it  further. 

MR.  TRULIO:  Not  only  is  that  a  true  statement,  but  we  have  used  the 
principle  that  underlies  it  to  shorten  the  time  required  to  calculate 
seismic  source  functions.  From  the  equations  of  linear  elasticity  we 
constructed  a  boundary  condition  for  spherically  symmetric  motion  that 
would  permit  computation  to  be  confined  to  a  finite  range  without  any 
errors  other  than  those  of  discretization.  I  have  not  finished 
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formulating  an  analogous  boundary  condition  for  two-dimensional  motion, 
which  is  much  more  complicated  than  the  case  of  spherical  symmetry;  the 
displacement  fields  are  rotational  and  require  the  evaluation  of  shear- 
wave  source  strengths  as  well  as  compressional  wave  sources.  For 
spherical  motion  we  tested  the  boundary  equations  by  applying  them  at 
the  boundary  of  the  region  of  Inelastic  deformation,  and  comparing  the 
resulting  field  with  that  obtained  when  the  entire  region  of  disturbed 
material  was  included  In  an  ordinary  continuum  motion  calculation.  The 
differences  between  the  fields  generated  in  the  two  calculations 
amounted  to  no  more  than  the  usual  discretization  error. 

MR.  ARCHAMBEAU:  You  treat  the  medium  as  an  elastic  plastic  medium,  but 
in  real  earth,  of  course,  you  get  fracture  phenomena,  radial  fracture 
phenomena. 

MR.  TRULIO:  Yes,  but  brittle  and  ductile  failure  are  represented  In 
the  same  way  In  our  present  material  model— on  some  surface  in  stress 
space  the  material  fails  in  shear.  Inelastic  hydrostatic  deformation 
Is  treated  in  another  way,  although  It  Is  also  possible  to  define 
failure  surfaces  which  yield  inelastic  volume  changes. 

MR.  ARCHAMBEAU:  In  one  case  it  is  microfracture.  In  the  other  case, 
that  is  not  the  situation.  I  mean  plasticity  Is  really  just  micro¬ 
fracture,  If  you  want  to  look  at  it  that  way.  When  you  get  farther 
out,  you  get  radial  fractures,  and  that  is  Important. 

MR.  CHERRY:  That  is  the  same  failure  surface,  except  you  are  In  a 
different  stress  state. 

MR.  ARCHAMBEAU:  Okay. 

MR.  TRULIO:  All  types  of  shear  failure  are  given  c  ie  and  the  same 
kind  of  mathematical  representation. 

MR.  ARCHAMBEAU:  A  prestress  would  modify  that. 

MR.  CHERRY:  You  would  start  out  at  a  different  stress  state.  The 
strength  may  be  correspondingly  better. 

MR.  ARCHAMBEAU:  Then  that  may  be  an  important  feature  to  have  the 
prestress  in  just  for  that? 

MR.  CHERRY:  I  agree. 

MR.  TRULIO:  If  the  Initial  field  contains  material  In  various  states 
of  shear  stress,  then  such  details  should  be  Included  in  the  specifi¬ 
cation  of  Initial  conditions,  because  the  Initial  shear  stresses  will 


affect  the  amount  and  kind  of  burst-induced  deformation  required  to  cause 
shear  failure  in  the  material. 


MR.  ALEXANDER:  But  you  don't  make  any  attempt  to  program  in  a  certain 
pre-existing  crack  distribution? 


MR.  CHERRY:  No. 

MR  TRULIO:  No,  and  I  want  to  reiterate  that  if  the  ground  medium  con¬ 
tains  such  a  crack  system,  then  it  is  not  a  good  idea  to  use  as  a  seismic 

source  the  results  of  a  current  state-of-the-art  calculation  of  qround 
motion.  3 


MR.  ARCHAMBEAU:  Can  t  you  mt del  that  by  some  anisotropy  factor,  because 
a  joint  system  mainly  controls  fracture  and  all  of  these  thinqs  in  the 
outer  zone?  Can  t  you  modify  your  yield  criteria  to  put  in  an  aniso¬ 
tropy  so  things  fail  easier  along  certain  planes? 

MP.  CHERRY:  Yes,  but  remember,  with  the  present  limitations  of  the  cede, 
that  joint  system  has  to  be  either  horizontal  or  vertical. 


MR.  TRULIO:  I  have  not  said  anything  about  calculations  of  i-.hr  2- 
dimensicnal  motion.  There  are  a  few  very  special  three-dimensional 
problems  hat  might  be  solved  numerically  to  study  the  effects  of  aniso 
tropy  on  computed  flow. 


MR.  ARCHAMBEAU:  It  might  be  nice  to  do  one  of  those 
You  said  it  has  to  be  horizontal  or  vertical. 


very  simple  cases. 


MR.  TRULIO:  You  can  have  concentric  cylindrical  surfaces,  if  you  like. 

MR.  ARCHAMBEAU:  Yes,  it  might  be  interesting  to  see  what  the  effect  is, 
even  if  you  did  it  in  that  very  crude  way.  The  physics  is  there  at 
least. 


MR.  CHERRY:  Yes,  of  course.  You  could  make  it  a  slip  line,  so  that  you 

just  get  slipping  along  that  boundary  after  the  stresses  have  exceeded 
some  value. 


MR.  TRULIO:  I  believe  we  have  already  done  that  for  one  or  two  uursts 
on  layered  media.  Interior  coordinate  lines  representing  interfaces  were 
treated  either  as  surfaces  along  which  frictionless  sliding  could  take 
place,  or  as  surfaces  on  which  the  material  could  also  be  considered 
bonded-'or.  anything  in  between,  for  example,  a  certain  amount  of  friction 
might  be  required  to  induce  the  sliding  of  material  at  an  interface. 

MR.  CHERRY:  That  is  clever,  but  a  simpler  approach  might  be  just  to  have 
a  small  layer  representing  that  joint  pattern,  and  have  that  layer  be 
very  weak  in  terms  of  its  strength  properties. 
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MR.  TRULIO:  You  can  enforce  a  condition  between  perfect  slip  and  tight 
bondi ng . 

MR.  ALEXANDER:  What  is  not  clear  is  really  the  importance  even  of  that 
on  the  low-frequency  radiation?  It  is  still  going  to  perturb  only  that 
high  frequency,  and  we  don't  really  care  one  way  or  the  other.  It  is  a 
question  of  what  effect  is  that  going  to  have  on  the  long  wavelength 
radiation? 

MR.  TRULIO:  Those  are  the  really  interesting  and  difficult  problems. 

MR.  ARCHAMBEAU:  Ycu  have  to  address  yourself  to  those  problems  eventu¬ 
ally. 

MR.  TRULIO:  Yes,  but  I  want  to  point  out  again  that  there  are  some 
fairly  simple  (but  not  trivial)  problems  that  now  appear  to  be  tractable 
from  the  point  of  view  of  defining  source  fields. 

MR.  ARCHAMBEAU:  You  clearly  don't  want  to  do  anything  really  elaborate 
until  you  try  out  some  of  these  simpler  cases. 

MR.  CHERRY:  My  feeling  is,  before  we  go  to  the  field  we  ought  to  go  to 
the  laboratory  and  do  model  studies,  and  normalize  the  codes  from  the 
results  of  the  model  studies.  I  think  that  is  the  first  step.  Ap¬ 
parently  ARPA  has  people  conducting  experiments  in  prestressed  pieces 
of  plexiglass  with  notches  .... 

MR.  RUBY:  That  was  not  supported  by  ARPA;  I  think  that  is  DASA. 

MR.  CHERRY:  There  is  absolutely  no  reason  why  the  codes  could  not  be 
used  in  conjunction  with  those  small  model  studies  to  look  at  the 
details  of  the  stress-wave  properties.  First  of  all,  see  if  the  codes 
are  handling  the  effects  that  you  want  to  predict  properly  in  the  labo¬ 
ratory.  At  LRL  we  are  looking  at  the  ef*-cts  of  material  properties  on 
model  studies  trying  to  use  the  codes  to  reproduce  the  results  of  small 
explosions  in  grout,  sand,  ice,  and  water,  as  well  as  other  things. 

MR.  CHERRY:  We  are  going  through  the  normal  standard  equation  of  state 
procedures  to  get  the  material  properties  to  throw  into  the  codes.  Then 
we  do  the  experiment  in  the  laboratory  with  the  proper  pressure  trans¬ 
ducers,  and  see  if  the  results  match. 

MR.  SMITH:  There  is  one  other  important  thing  that  we  are  leaving  out 
here,  and  that  is  the  interface  between  the  distant  seismic  observations 
in  the  codes,  that  interface  with  the  close-in  measurements,  and  what  I 
heard  at  this  meeting.  My  impression  is  that  those  measurements  are  not 
adequate  for  the  kinds  of  problems  we  are  talking  about.  First  of  all, 
the  dynamic  range  of  the  close-in  accelerometers  is  not  adequate  that 
one  can  recover  the  low  frequencies  in  that  initial  pulse. 
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MR.  CHERRY:  At  some  point  you  age  going  to  have  to  believe  somebodv 
and  whether  you  believe  the  codes  or  whether  you  believe  the  experi¬ 
mental  people,  I  don't  know.  The  thl-.g  I  am  saying  right  now  iTSat 
the  first  step  is  to  go  to  the  labor?.toi>  with  both  the  codes  and  the 
kinds  of  model  studies  that  you  want  u>  do,  and  see  how  they  coiroare 
You  may  not  be  able  to  build  up  your  confidence  in  the  aaaes  that  u»au 
but  you  sure  will  be  able  to  build  up  your  confidence  in  ?hf  Wa)\ 

tne  prestress  conditions  that  you  can  apply  in  the  laboratory.  ’  &n 

MR.  TRULIO:  I  agree  with  that.  I  do  think  though,  that  the  best  tests 

?neth^l  Z“inStrumentfd  tests.  Ultimately,  you  have  get 
to  those.  Not  many  have  been  done  in  the  past,  but  there  are  some. 

onA.mhEHaI:  uNo  0ne  hLS  ever  done  a  well  "instrumented  field  test  Not 
enough  data  has  ever  been  taken  so  that  a  confidence  limit  on  a  oarticu 
lar  measurement  could  be  obtained.  particu- 

MR.  TRULIO.  I  think  DASA  and  ARPA  have  done  at  least  one. 

?hA4.?HET?Y'  L°°k  at  Pi]edriver*  What  was  known  about  Piledriver  pre- 
ThoJo  J56re  Wa-  n2i,e?ploratory  1°99i n9  program  pre-shot,  for  instance. 
Also  tho  c°v^age  stress-history  measurements  either. 

Also,  tho  effect  of  the  drift  on  these  measurements  has  not  been  deter- 
mi  n6G • 

&  Piiedrjver?rtUnately*  ‘  <‘id"'t  ha''e  t0  make  any  pre-shot  Predictions 

1  ‘?;nk  '*  rai9ht  be  pertinent  to  point  out  to  the  seismo- 
logists  that,  with  respect  to  these  computer  codes  and  these  close-in 

findUnuteUhat  fronV!;he  JtandPoint.of  history,  the  initial  intent  was  to 
find  out  what  are  the  phenomena  close-in  in  the  inelastic  region.  This 

was  because  it  is  the  inelastic  effects  that  are  of  interest  and  use  to 

cJackhalDASA°iseinSe«i!I  ^h'"9  up  mi,HoiK  of  tons  of  rock  at  one 
crack.  DASA  is  interested  in  the  response  of  silos  to  a  warhead  hittinq 

a  quarter  of  a  mile  away.  So  it  is  a  relatively  late  development  from  9 

*udeSut0  90  on  and  run  the  Problems  longer 
to  get  to  the  beginnings  of  the  phenomena  that  you  are  interested  in. 

MR.  ARCHAMBEAU:  Of  course,  anything  you  do  in  the  problem  we  are  dis¬ 
cussing  will  be  helpful  in  those  other  problems  as  well,  because 
presumably  you  would  be  modeling  the  media  in  some  better  way. 
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MR.  RODEAfJ:  Yes,  although  real  close  in,1  It  almost  does  not  make  any 
difference  what  your  material  model  is. 

v 

MR.  ARCHAMBEAU:  You  are  overdriving  the  thing  to  such  an  extent  that 
you  could  have  cheese  there  and  it  would  not  matter. 

MR.  RODEAN :  Yes.  That  is  why  real  close  in,  the  Taylor-Sedov  similarity 
solution  is  a  good  first  approximation,  even  to  explosions  in  rock. 

MR.  TRULIO:  Stewart  stressed  the  importance  of  long  wavelengths,  and  I 
would  like  to  add  a  comment  or  two  on  that  subject.  Happily,  short 
waves  are  the  hardest  to  compute;  because  disturbances  narrower  than  the 
spacing  between  adjacent  mesh  points  can't  be  resolved  in  a  finite- 
difference  calculation.  In  fact,  it  requires  something  like  eight  mesh 
points  along  a  line  to  propagate  a  harmonic  wave  with  reasonable  accu¬ 
racy.  Accordingly,  the  codes  do  quite  well  for  long  wavelengths. 

MR.  ROTENBERG:  You  can't  treat  the  short  wavelengths  too  cavalierly 
close  in. 

MR.  TRULIO:  No,  because  there  is  mode  conversion.  You  only  know  from  : 
running  calculations  with  different  finite-difference  meshes  whether  you 
have  converged  numerically  on  a  solution.  1 

I 

MR.  ROTENBERG:  You  don't  mean  mode  conversion.  You  mean  frequency  con¬ 
version.  i  i  i  i 

MR.  TRULIO:  Well,  all  right,  frequency  conversion.  There  are  no  normal 
modes  for  the  nonlinear  problem. 

I  wonder,  though,:  if  we  have  to  run  the  calculations  so  far 
that  the  disturbed  region  covers  distances  like  the  wavelengths  of  i 
interest.  ■ 

,  ! 

MR.  SMITH:  That  is  not  necessary.  , 

MR.  TRULIO:  I  would  have  guessed  not.  The  low-frequency  content  of  a 
much  shorter  signal  is  probably  the  item  of  greatest  interest. 

I 

MR.  ALEXANDER:  Yes,  if  you  can  give  us  the  low-frequency  contribution 
to  it,  that  is  all  we  care  about. 

MR.  TRULIO:  I  think  that  gives  us  a  really  good  place  to  start1.  There 
is  a  point  of  contact  already.  I  think  that  at  least  one  or  two 
reasonable  sources  have  been  tested  experimentally  in  thb  field;  the 
sources  were  calculated  and  checked  against  data  from  those  fields. 

MR.  ALEXANDER:  The  other  thing  of  concern  is  the  fact  that  at  large 
distances  we  are  really  looking  at  the  bottom,  or  looking  essentially 
right  under  the  event,  as  opposed  tb  these  measurement?  that  are  made 
out  to  the  sides.  If  we  have  some  feeling  for  what  you  expect  the 
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variations  to  be,  say  in  a  layered  system  directly  below  the  shot  as 
opposed  to  the  side,  it  would  be  very  helpful. 

t 

MR.  CHERRY:  LRL  can  talk  about  that. 

\  i 

MR.  RODEAN:  Yes,  but  not  at  this  meeting,  though.  The  report  Is  still 
classified. 

MP.iTRULIO:  For  the  source  I  would  suggest,  the  flow  field  really  Is 
well  approximated  as  spherically  symmetric.  There  may  be  layers  of 
material  below  the  source,  but  any  such  layers  lie  so  deep  that  they  do 
got  Interfere  with  the  symmetry  of  the  motion  on  the  region  of  calcula¬ 
tion. 

MR.  CHERRY:  What  happened  in  the  shot  they  were  talking  about  is  that 
the  elastic  radius  below  the  shot  ran  into  the  water  table  horizontally. 

MR.  TRULIO:  Yes,  and  we  have  also  done  layered  calculations  of  surface 
bursts  in  which  the  top  layer  of  earth  was  blown  away  out  to  an 
appreciable  radius,  but  I  think  we  should  try  to  define  seismic  sources 
,  for  simpler  media. 

MR.  ALEXANDER:  In  the  magnitude-yield  relation,  what  we  are  seeinq  as 
far  as  the  teleseismic  P-wave  magnitude  is  concerned  Is  the  energy  that 
is  going  out  on  a  small  cone  about  the  vertical  axis. 

MR.  ARCHAMBEAU:  That  and  the  reflected  wave  which  Involved  any  spal¬ 
ling  would  be  of  some  importance. 

MR.  ALEXANDER:  The  surface  waves  that  are  generated  by  the  P  waves  that 
propagate  to  the  sides  would  be  the  most  relevant  to  the  near-in  obser¬ 
vations. 

MR.  CHERRY:  It  probably  Is  the  whole  thing.  You  are  sampling  the 
entire  source  region  for  the  Rayleigh  waves,  some  ar.yies  more  than 
others. 

MR.  BLACK:  I  would  like  to  ask  you  a  question  Ted.  Suppose  that  we 
wanted  to  predict  the  seismic  signals  for  a  nuclear  explosion  from  some 
specific  place  In  the  world.  Suppose  geologists  tell  us  that  the  geo¬ 
logic  map  shows  that  there  is  tuff  at  the  specific  site  we  have  chosen. 
Let  us  suppose,  further,  that  the  geologic  literature  provides  us  with 
a  geologic  description  of  the  tuff,  possibly  including  data  on  density 
and  seismic  velocity.  Could  you  calculate  the  seismic  source  function 
as  a  function  of  yield  by  using  ranges  of  physical  property  values  for 
tuff  based  on  your  knowledge  of  the  variation  of  the  seismic  source 

function  with  variation  In  source  rock  parameters? 

} 

MR.  CHERRY:  The  best  thing  to  do  is  to  go  to  the  equation-of-state 
efforts  that  we  have  done  and  just  see  if  you  can't  find  a  tuff  that  fits 
the  density  or  whatever  description  you  have  . 
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MR,  RINEY:  I  might  mention  that  we  have  taken  all  of  the  data  on  tuff 
that  you  have  generated,  and  some  data  that  came  from  experimental  sta¬ 
tions,  and  we  have  been  able  to  model  a  consistent  picture  out  of  all  of 
that,  given  the  crystal  density,  porosity,  and  this  Is  dry  material.  We 
are  working  on  water  as  the  next  thing.  These  were  really  considered  as 
two  phases,  pores  and  dry,  and  now  we  are  working  on  water  as  the  third 
phase.  I  think,  within  that  context,  we  might  be  able  to  make  a  pretty 
good  guess  based  on  the  inputs  that  you  have  given  us  and  data  that  you 
have  generated. 

MR.  BLACK:  Assuming  that  you  had  all  of  that  information,  would  you 
agree  with  Jack  that  depending  on  the  actual  properties,  you  might  be 
off  by  an  order  of  magnitude  In  the  seismic  signal? 

MR.  TRULIO:  No,  a  factor  of  three  Is  what  I  said  for  a  medium  like  tuff. 

MR.  BLACK:  You  said  a  factor  of  two  if  you  had  real  good  data. 

MR.  TRULIO:  Even  better— 50  percent  If  we  had  really  good  data.  We 
found  that  we  could  place  bounds  on  the  motion  such  that  the  average  of 

the  bounds  did  not  differ  from  the  bounds  themselves  by  more  than  50 

percent.  A  factor  of  two,  perhaps,  but  I  think  that  with  really  good 
material  properties  data,  50  percent  Is  feasible.  With  not-so-good  data 
for  a  tuff,  the  bounds  might  differ  from'  their  mean  by  a  factor  of  three. 
But  for  a  cracked  granite,  I  don't  think  a  factor  of  _ 

MR.  BLACK:  Do  you  agree  with  a  factor  of  three? 

MR.  CHERRY:  I  think  as  long  as  you  have  a  handle  on  the  density  and  the 

elastic  velocity,  you  can  probably  get  within  a  factor  of  two  of  say  the 
reduced  displacement  potential. 

MR.  TRULIO:  The  biggest  worry  I  would  have  is  this:  You  need  to  know 
the  mean  stress  as  a  function  of  excess  compression  (which  Is  equivalent 
to  the  cubical  dilatation).  However,  a  loading  curve  will  look  like 
this  for  one  material,  and  like  that  for  another  material  of  the  same 
kind,  but  at  different  locations.  Both  samples  may  even  unload  from 
high  stress  In  the  same  way,  but  at  low  levels  of  loading  stress  it 
matters  a  great  deal  whether  the  residual  strain  on  unloading  (com¬ 
paction)  is  2  percent  or  3  percent.  The  irreversible  work  done  in 
compacting  material  has  an  almost  overriding  effect  on  stress  attenua¬ 
tion  as  you  go  away  from  the  source.  Measurements  of  compactibility  are 
really  Important;  lacking  such  measurements,  one  night  guess  at  the  com¬ 
pactibility,  and  I  think  most  of  the  factor  of  three  would  originate 
with  that  guess. 

MR.  BLACK:  As  I  understand  it,  you  are  telling  me  that  with  a  reasonably 
good  geologic  description  for  a  material  like  tuff,  you  could  estimate 
the  source  function  to  within  a  factor  of  say  0.3  of  a  magnitude.  The 
process  of  converting  the  source  function  to  a  seismic  signal  at 
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teleselsmlc  distances  produces  no  further  scatter  and  the  seismic  signal 
can  be  predicted  to  within  a  factor  of  roughly  0.3  of  a  magnitude? 

An  empirically  derived  curve  for  tuff,  from  our  limited  source 
area  at  NTS,  shows  a  similar  scatter  of  about  0.3  of  a  magnitude  for  a 
given  yield.  Do  I  need  these  calculations,  therefore,  for  the  purpose 
I  have  discussed,  namely,  prediction  of  seismic  signals  from  unknown 
areas- -unknown  except  for  the  geologic  literature?  What  will  the  calcu¬ 
lations  provide  that  cannot  already  be  obtained  from  the  empirical 
magnitude-yield  data  derived  from  NTS  tests? 

MR.  RODEAN:  Rudy,  you  could  say  It  In  another  way  that  sort  of  ties  In 
with  my  plot  (Figure  8,  p.  32).  I  found  that  If  we  exclude  unsaturated 
alluvium  shots,  then  80  percent  of  all  of  the  data  points  I  could  find 
are  within  plus  or  minus  0.2  of  a  magnitude  unit. 

MR.  BLACK:  ARPA  and  DASA  have  a  number  of  reasons  for  developing  a  com¬ 
putational  capability  to  predict  close-in  ground  motions  that  have 
nothin*  to  do  with  the  problem  of  predicting  yield-magnitude  relationship 
for  teleselsmlc  distances.  For  that  long-range  prediction  of  seismic 
amplitudes,  as  functions  of  source  media  and  yield,  problem,  Is  It  likely 
that  the  theoretical  calculations  are  going  to  Improve  our  estimates  from 
empirical  measurements? 

This  Is  the  problem.  I  want  to  predict  seismic  signal 
amplitudes  for  a  given  size  explosion  In  a  given  country  to  which  I  do 
not  have  access  and  from  which  I  cannot  obtain  samples  for  Hugoniots, 
Isothermal  compression,  or  other  physical  property  Information.  I  am 
forced  to  look  In  the  literature  for  a  description  of  the  source  materi¬ 
al.  For  any  country  in  the  world  you  can  find  some  kind  of  geologic 
description,  and  let  us  assume  I  have  a  geologic  description  of  a  parti¬ 
cular  source  medium.  From  that  description,  I  would  like  to  be  able  to 
compute  the  source  function  for  say  10  kt  fired  In  that  particular  ma¬ 
terial.  I  would  then  ask  the  seismologists  to  take  the  computed  source 
function,  propagate  It  to  some  hypothetical  or  some  real  network  of 
seismic  sensors,  and  determine  the  seismic  detection  threshold  for  that 
system.  That  Is  what  I  want  to  know. 

I  can  get  that  Information  now,  and  we  do,  by  using  empirical 
yield-magnitude  curves  of  the  type  that  we  showed  here  yesterday.  With 
the  empirical  data  I  think  that  we  can  predict  seismic  magnitudes  within 
0.3  or  0.4  of  a  magnitude  for  a  given  yield  In  a  given  source. 

The  question  Is  this,  Is  It  likely  that  we  will  be  able  to  do 
very  much  better  with  code  calculations  (assuming  Imperfect  knowledge  of 
the  physical  property  Input  parameters)  In  predicting  teleselsmlc  signal 
amplitude  than  we  can  currently  do  using  empirical  data? 
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MR.  CHERRY:  If  you  have  the  experience,  scale  It.  My  code  is  not  set  up 
for  guesses.  It  is  set  up  to  use  material  properties  data  that  the  rock- 
mechanics  people  furnish  me,  to  get  answers  in  an  environment  that  may 
be  totally  different  from  any  experience  that  we  have. 

MR.  BLACK:  Right.  The  point  is  tnat  the  rock-mechanics  people  may  not 
be  able  to  do  better  than  quote  ranges  for  a  medium  which  they  know  only 
from  a  geologic  description  in  the  literature. 

MR.  TRULIO:  You  already  have  a  yield-magnitude  curve. 

MR.  BLACK:  One  of  the  major  reasons  for  ARPA  support  of  the  work  in 
developing  computer  codes  for  prediction  of  ground  motion  was  the  an¬ 
ticipation  that  they  could  be  used  for  prediction  of  the  amplitude  of 
seismic  signals  at  teleselsmlc  distances  under  circumstances  when  we 
could  get  a  good  geologic  description,  and  that  detailed  work  would  have 
been  done  on  geologic  materials  for  which  detailed  properties  were 
available,  that  it  would  be  possible  to  make  some  reasonable  extrapo¬ 
lations  to  the  untested  material,  and  therefore  ccme  up  with  a  better 
answer  than  we  could  estimate  from  empirical  yield-magnitude  data.  That 
was  the  argument.  What  do  you  think  of  the  argument  now?  Was  it  right 
or  wrong? 

MR.  CHERRY:  We  can  do  better  extrapolations  than  we  could  have  a  year 
ago,  but  can  we  do  better  than  0.2  of  a  magnitude  unit?  Maybe  0.15? 

MR.  TRULIO:  Yes,  but  the  only  materials  you  really  have  good  curves 
for,  empirical  curves,  are  tuff  and  alluvium.  What  about  other  kinds  of 
ma  rial? 

MR.  CHERRY:  Look  at  it  a  little  differently,  Rudy.  There  are  two  neat 
things  about  the  codes.  First  they  take  the  mathematics  out  of  the 
wave-propagation  problem,  so  you  don't  have  to  spend  your  time  keeping 
track  of  poles  and  branch  points,  and  still  make  assumptions  about  the 
distance  you  are  away  from  the  source.  That  is  the  first  one.  Mathe¬ 
matics  is  gone  from  the  wave-propagation  problem. 

The  next  thing  that  is  neat  about  them  is  that  you  can  change 
the  physics  in  the  constitutive  model  almost  at  will.  Right? 

MR.  TRULIO:  Yes,  there  is  no  problem  in  doing  that. 

MR.  CHERRY:  It  takes  you  like  half  a  day  to  throw  in  a  different 
failure  criterion,  if  you  like. 

MR.  SMITH:  At  the  risk  of  being  really  redundant  here,  I  think  that 
your  question  can't  be  answered  without  coming  back  and  saying,  look, 
these  code  calculations  at  high  frequencies  are  irrelevant  to  the 
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proDlem,  and  that  the  variations  are  going  to  be  a  whole  lot  less  than 
a  factor  of  three  when  one  looks  only  :,t  the  low-frequency  limit.  I 
just  don  t  chink  It  makes  any  sense  at  all  for  us  to  be  talking  about 
one  cycle  at  one  end,  and  I  don't  know,  20  or  above  on  the  other,  and 
talk  about  comparing  them.  It  doesn't  make  any  sense.  That  has  been 
said  several  times. 

MR.  TR  "LIO:  You  say  you  can  look  at  a  yield-magnitude  curve  and  you 
don't  have  to  have  a  detailed  source. 

MR.  BLACK:  You  don't  have  to  know  source  details  if  you  are  goin  to 
use  the  empirical  yield-magnitude  data  for  prediction.  I'm  sure  we  all 
recognize  the  limitations  of  such  a  procedure,  namely,  that  the  yield- 
magnitude  data  Is  all  from  one  source  region,  or  almost  all  from  one 
source  region,  and  that  region  is  not  necessarily  like  the  rest  of  the 
world;  secondly,  the  empirical  yield-magnitude  data  base  does  not  repre¬ 
sent  the  total  variety  of  possible  source  media.  It  is  very  restricted. 
For  example,  we  only  have  two  shots  to  my  knowledge,  or  maybe  three, 
that  are  off  NTS  in  new  materials.  We  have  Gasbuggy,  Rulison,  and 
Salmon.  So  what  do  you  know  about  what  happens  if  you  shoot  in  limestone 
somewhere  else,  or  suppose  you  shoot  in  salt  somewhere  else,  or  in  thick 
shale  or  something  like  that? 

It  was  hoped  that,  when  the  cod«s  had  been  developed  and 
tested  sufficiently  so  that  we  could  he  e  confidence  in  predicted 
seismic  source  functions,  it  would  be  possible  to  use  ranges  of  proper¬ 
ties  that  people  know  about  for  shales,  for  example,  and  derive  source 
functions  corresponding  to  the  range  of  shale  parameters  for  a  particu¬ 
lar  yield  In  shale  by  pumping  in  real  parameters. 

MR.  TRULIO:  That  you  can  do,  if  you  want  bounds.  I  believe  those 
bounds  would  be  much  better  than  to  a  factor  of  two. 

MR.  BLACK:  Okay,  but  that  is  an  approach  to  this  problem. 

MR.  TRULIO:  But  you  posed  another  question,  namely,  how  well  can  we 
predict  a  shot  of  a  certain  yield  at  a  certain  place  where  we  had  only 
fragmentary  data  about  the  behavior  of  the  material?  I  would  still  say 
a  factor  of  three  for  soft  rock  or  earth.  But  for  bounding  the  possible 
range  of  responses,  I  think  those  bounds  would  be  good  ones.  They  miqht 
be  a  factor  of  three  apart. 

MR.  SMITH:  What  about  the  cavity  size?  How  close  can  you  get  in  that9 
That  is  not  a  factor  of  three  off  if  you  don't  know  the  materials. 

MR.  TRULIO:  Some  importdht  aspects  of  ground  motion  are  very  sensitive 
to  specific  material  properties.  Even  the  answer  to  the  question,  what 
can  be  do>ie  with  fragmentary  data  at  a  specific  site  for  a  specific 
yield,  really  depends  very  much  on  what  those  fragments  are.  If  we  had 
some  loading  and  unloading  data,  or  just  the  loading  curve  since  it  is 
not  a  bad  approximation  to  unload  with  nearly  infinite  bulk  modulus  if 
you  have  no  other  data  .... 
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MR  BLA'K*  Jack,  suppose  we  had  never  fired  a  shot  in  thick  ^ 1 •  lj-e^ 
us*a?so  suppose  that  on  have  developed  confidence  in  the  procedures 
that  vou  are  using  in  making  code  predictions,  based  on  physical  proper 
SJi  o?  the  source  media,  by  testing  predictions  against  field  measure- 
?  nts  for  tests  in  a  given  rock  type.  For  the  shale,  i  which  we  have 
had  no  experience,  you  could  vary  the  code  input  parameters  to  take  into 

account  the  normal  physical  property  variations  Jhat  es[!?tin  , 

exist  in  shale  and  determine  an  upper  and  lower  bound  for  tte  resulting 
ground  motion  in  a  medium  for  which  there  is  no  experimental  data.  That 

is  useful . 

MR.  TRULIO:  There  is  no  question  about  that.  Those  bounds  will  be  cor¬ 
rectly  set. 

M/iiriR  CTRCEO'  As  a  matter  of  fact,  if  we  look  at  the  comparison  between 
^e  SraSite  charts  at  the  test  site  and  the  French  charts,  the  geology 
itself  was  completely  different,  and  yet  for  some  unexplained  reason  we 
get  similar  magnitudes  with  yields,  if  we  can  believe  that  curve. 

MR  TRULIO:  I  don’t  know  why  the  two  gave  similar  magnitudes.  Was  the 
Sahara  aranite  event  predictable?  For  a  competent  granite,  meaning  o 
that  do«  ^t  have  lots  of  cracks  and  faults  in  it,  probably  the  response 
to  a  aiven  explosion  is  predictable.  Maybe  the  French  test  Was  pre¬ 
dictable,  but  that  would  not  imply  predictability  for  another  rnednum 
that  is  highly  cracked  and  jointed.  You  might  conclude  that  the  *w° 
burstl  wJllS  produce  nearly  identical  seismic  sources,  but  I  would  not 
place  much  reliability  on  a  prediction  of  that  sort. 

hr  RODEAN-  When  I  heard  this,  I  was  very  startled  at  the  difference  in 
cavi ty^ vol ume ,  and  theiT I  almost  immediately  remembered  a  figure  ,n  the 
SIPRI^report  that  said  seismologically  they  are  the  same,  and  I  said 

"What  gives  here?" 

MR.  R0TENBER6:  It  could  be  just  a  conversion  from  French  units  to 
English  units. 

cherry •  It  would  be  very  difficult  to  obtain  a  factor  of  five  dif¬ 
ference  in  cavity  volume,  chimney  volume,  and  cracking  radius,  and  en 
to  expect  the  same  body-wave  magnitude  out  of  the  two  shots. 

MR.  TRULIO:  It  is. 

MI  ARCHAMBEAU:  That  may  not  be  so  peculiar  after  all.  or  a  body-wave 

magnUude^  people  are.Uking  .t  1  «.  For  the  spectrum  at  1  sec  the 
cavity  size  is  not  going  to  be  that  important. 

HR.  ALEXANDER:  The  radius  of  the  cavity  Is  small  compared  to  the  wave- 
length. 

MR.  SMITH:  The  strength  of  the  source  is  the  pressure  times  the  volume 
in  some  way. 
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MR.  ARCHAMBEAU:  The  spectrum  in  the  two  cases  may  be  like  this. 

(Figure  67).  This  is  one  cavity  size.  But  they  are  measuring  body- 
wave  magnitude  out  here. 

MR.  CHERRY:  That  is  the  point  that  Howard  made,  I  think. 

MR.  RODEAN:  That  is  what  I  was  saying.  Maybe  it  is  the  distance. 

MR.  CHERRY:  If  that  is  all  there  is  to  it,  then  I  guess  that  is  it. 

MR.  ALEXANDER:  I  still  come  back  to  the  question,  where  in  all  of  the 
code  calculations  do  you  think  the  mistake  is  when  you  make  a  mistake  in 
predicting?  Is  it  the  values  that  you  get  out  of  these  laboratory 
measurements  are  not  truly  representative  of  the  in  situ  properties?  Is 
it  because  of  the  geometry  of  the  calculations  versus  the  geometry  of 
the  actual  shot  point? 

MR.  CHERRY:  If  you  are  asking  me  what  things  need  to  be  improved  in  the 
calculations,  there  are  two.  The  way  we  handle  the  nuclear  source,  I 
don't  think  that  is  right.  The  other  thing  that  needs  to  be  done  is  to 
include  the  stress-strain  measurements  that  the  rock-mechanics  people 
uevelop  in  the  laboratory.  As  the  codes  stand  now,  we  arc  only  usinq 
their  final  stress  or  failure  data.  We  only  taks  their  final  stress 
data,  and  say  that  is  representative  of  failure,  where  in  fact  they 
are  now  starting  to  produce  stress-strain  curves  as  they  load  the 
sample  up  in  tri axial  compression.  These  data  have  to  be  matched  by  the 
codes.  They  ..ave  to  be  taken  into  account  by  the  codes.  The  stress- 
strain  path  that  they  take  to  get  up  to  failure  as  far  as  I  know  is  not 
being  used  in  the  codes  right  now. 

I  guess  what  I  am  saying  is  that  we  are  not  usirg  all  of  the 
data  that  they  can  furnish  us,  or  that  they  are  now  starting  to  furnish 
us.  We  still  have  to  learn  how  to  use  their  strain  measurements. 

MR.  ALEXANDER:  Then  there  is  another  step,  and  that  is  how  does  that 
information  relate  to  the  in  situ  behavior? 

MR.  TRULIO:  I  would  place  the  emphasis  there  myself.  For  materials 
like  tuff  and  soil,  we  probably  lack  important  strain  rate  data;  with 
such  data  we  may  be  able  to  predict  motions  in  those  media  to  within  the 
accuracy  that  they  can  be  measured.  There  seems  to  be  little  point  in 
going  beyond  that.  I  think  the  biggest  problems  lie  in  representing 
materials  in  situ,  and  the  problems  are  most  formidable  when  the  medium 
is  cracked  and  jointed. 

MR.  RUBY:  If  I  understand  you  here,  I  have  an  interest.  What  you  are 
saying  is  we  still  have  a  reason  to  do  a  lot  of  rock  mechanics,  to 
sharpen  your  model. 

MR.  TRULIO:  Yes,  I  think  so. 
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A(f),  Spectral  amplitude 


Figure  67.  Hypothetical  Spectral  Amplitudes  for  Two  Explosions  With 
Different  Effective  Cavity  Radii,  R]  and  R£.  Here  R2  >  R] 
and  the  peak  in  the  spectra  are  controlled  to  a  large  extent 
by  the  source  dimension,  the  peak  moving  to  lower  frequencies 
for  larger  source  dimensions.  Since  Mk  is  measured  from  the 
amplitude  near  1  cps  this  shows  that  the  two  explosions  could 
have  nearly  the  same  Mb  value,  yet  have  quite  different 
source  dimensions  so  long  as  both  Ri  and  R2  are  large  enough 
to  give  a  spectral  peak  at  a  frequency  significantly  lower 
than  1  cps. 
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MR.  RUBY:  We  never  have  any  hope  of  getting  such  data  for  somewhere 
else,  and  it  is  worth  getting  for  us  to  sharpen  your  models. 

MR.  TRULIO:  I  can  see  the  possibility,  for  example,  that  a  badly 
cracked  material  can  be  simulated  in  the  labs,  but  that  has  to  be  proven 
Maybe  you  can  crack  a  laboratory  sample  on  a  small  scale  and  relate  the 
properties  of  that  aggregate  to  the  properties  of  the  cracked  medium  in 
the  field.  But  that  has  not  been  done;  neither  has  anybody  included 
the  dispersive  effects  of  the  whole  crack  system  into  his  material  model 

MR.  RUBY:  DASA  is  starting  a  program  this  year  of  field  tests  with  ex¬ 
plosions  that  may  shed  some  light  there.  But  you  see,  the  thing  we  are 
looking  into  is,  are  we  spinning  our  wheals  trying  to  get  data?  If  I 
understand  what  you  are  saying,  no,  because  it  hopefully  will  end  up  in 
making  your  models  better. 

MR.  TRULIO:  I  don't  see  how  it  can  fail  to  do  so,  but  to  extend  labora¬ 
tory  data  to  the  field  is  a  big  step  for  cracked  granite.  It  will  take 
work  and  time  to  learn  to  make  that  extrapolation. 

MR.  BLACK:  Why  don't  we  close  the  gap  now  between  what  ycu  are  doing 
with  the  codes  (coming  up  with  source  functions)  and  what  the  seis¬ 
mologists  need.  You  mentioned  the  frequency.  Is  there  anything  else? 
Dr.  Archambeau? 


SEISMIC  CALCULATIONS:  REVIEW  OF  INPUTS  NEEDED 
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.  ,  .I.W1’1]PUJ  UP  a  couPle  of  things,  and  undoubtedly  the  other 

seismologists  will  have  something  to  say  as  well. 

Jh!  l°C  90,'n?  *°  put  Ju?‘  the  tMn9s  that  *  "“<1  to 

satisfy  ARPA  or  the  things  that  we  are  interested  in? 

MR.  ARCHAMBEAU:  We  hope  they  will  be  both.  We  will  put  up  every chi  no 
and  then  we  can  put  little  asterisks  on  some  of  them  to  indicate  things 
most  important  to  the  discrimination  problem.  ® 

_  .  .  We.need  something  equivalent  to  a  pressure  time  function,  and 
it  must  be  given  at  a  distance  such  that  the  strains  are  about  10-4  or 
10-  .  The  specification  must  cover  the  frequency  band  from  0.01  or  0.02 
cps  up  to  about  2  cps.  That  is  probably  the  most  important  thing. 

Next,  in  the  context  of  what  was  already  said,  you  want  the  source 
function  for  more  and  more  sophisticated  representations  of  the  medium 
more  and  more  sophisticated  codes. 

To  start  out  with,  I  think  we  could  utilize  what  you  have 
already  done  in  your  one-dimensional  codes,  and  look  at  that,  and  as 
time  progresses  hopefully  there  will  be  other  results  coming  out  which 
take  into  account  cracking,  prestress,  and  all  of  these  other  things 
that  we  have  talked  about.  y 


..  something  else  that  would  be  nice.  I  will  put  down 

the  things  I  think  of,  and  then  other  people  may  have  some  other  things 
to  suggest.  We  would  like  to  know  the  fracture-zone  radius.  We  want 
to  know  the  radii  or  the  dimensions  of  the  various  nonlinear  zones. 

One  of  the  reasons  we  would  like  the  zone  radii  would  be  for  our  cal¬ 
culations  involving  stress  relaxation. 


A  third  item  would  be  a  description  of  surface  spall  effects 
in  terms  of  energy  propagating  back  down  into  the  medium.  That  would 
be  useful  to  us  because  we  do  get,  of  course,  teleseismic  signals 
corresponding  to  a  surface  reflection.  It  clearly  is  not  a  linear 
phenomenon.  Some  more  precise  knowledge  of  this  signal  or  pressure 
wave  would  be  very  useful  indeed,  particularly  because  that  gives  us 
some  information  on  source  depth,  which  is  a  discriminant.  If  the 
phenomenon  is  nonlinear  and  gives  us  a  bigger  signal  with  a  different 
waveform  than  we  might  expect  from  an  ordinary  elastic  reflection,  then 
that  is  very  important.  This  then  would  be  usable  information,  parti¬ 
cularly  if  we  could  obtain  a  good  estimate  of  the  waveform. 

All  of  these  things  would  be  given  as  functions  of  source 
parameters,  of  course,  for  a  variety  of  materials.  I  think  that  is 

Preceding  page  blank 
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about  all  I  can  think  of  right  now.  This  is  really  all  we  need.  We 
can  go  from  there. 

MR.  ALEXANDER:  If  you  could  just  add  on  one  more  thing  that  would  be 
ideal,  although  it  is  very  difficult  I  realize  to  get  it,  and  that  is 
the  pressure-time  function  over  some  reasonable  volume  enclosing  the 
sources. 

MR.  ARCHAMBEAU:  Yes.  It  need  not  even  be  specified  on  a  spherical 
surface.  The  elastic  zone  is  not  necessarily  going  to  be  spherical, 
especially  in  more  complicated  situations.  This  is  important,  too,  in 
the  stress  relaxation  phenomenon  that  we  have  been  talking  about.  This 
interior  region  around  the  explosion  is  a  zone  of  highly  disturbed 
material,  and  it  clearly  would  have  different  properties  than  the 
material  farther  from  the  explosion,  and  you*  might  want  to  worry  about 
interactions  of  a  large  zone  which  has  elastic  properties  that  are  very 
different  from  the  medium  around  It,  just  because  it  has  been  shocked. 

I  don't  know  how  different  one  might  expect  the  shocked  zone  to  be,  but 
it  might  have  an  effective  rigidity  that  is  small.  Some  of  the  problems 
we  have  had  in  the  past  have  been:  what  the  shape  of  this  zone  would 
be  under  different  conditions,  and  how  it  might  affect  surface-wave 
generation  and  the  static  field  in  the  surrounding  elastic  medium.  For 
stress  relaxation  calculations,  if  we  had  this  information,  we  would 
have  one  less  unknown  parameter  to  solve  for  when  we  are  trying  to 
reconstruct  things. 

MR.  CHERRY:  Can  you  take  velocity  instead  of  pressure? 

MR.  ARCHAMBEAU:  Oh,  sure,  you  can  give  us  medium  velocity,  displace¬ 
ment,  or  stress,  any  one  of  which  is  essentially  equivalent.  We  don't 
care,  because  we  work  In  the  frequency  domain. 

MR.  CHERRY:  What  are  your  input  functions?  The  thing  I  have  not  been 
clear  about  yet  is  what  sort  of  Input  functions  have  you  been  using, 
and  how  different  are  they  from  the  ones  that  Bill  Perret  measures,  or 
we  think  ought  to  be  given? 

NR.  ARCHAMBEAU:  For  the  explosions,  we  use  a  pressure  function 
specified  on  a  surface  in  the  elastic  zone.  The  overpressure  has  the 
character  of  a  step  but  with  a  finite  rise  time,  followed  by  a  slow 
decay  to  zero.  This  can  be  modeled  by  a  simple  functional  representa¬ 
tion.  In  the  frequency  domain  we  have  used  spectral  representations 
of  the  pressure  that  look  like  the  Sharpe  solution  with  an  exponentially 
damped  step  function.  You  see,  we  are  interested  again  in  the  seismic 
band  so  very  high  frequency  behavior  is  not  important. 

MR.  CHERRY:  And  the  reduced  displacement  potential? 

MR.  ARCHAMBEAU:  Yes,  that  |s  adequate  also. 
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MR.  HARKRIDER:  I  have  also  used  the  Haskell  time  functions  for  the 
reduced  displacement  potentials.  How  good  are  they?  That  is  one  of 
the  things  I  would  like  to  know. 

MR.  RODEAN:  That  is  really  based  on  four  measurements. 

MR.  HARKRIDER:  Yes,  but  how  good  are  they?  That  is  what  I  have  had  to 
use  because  that  is  all  the  data  I  had. 

MR.  CHERRY:  How  good  are  you  doing? 

MR.  ARCHAMBEAU:  People  adjust  the  available  parameters  in  order  to  get 
a  fit,  and  the  question  is,  do  the  parameter  choices  they  make,  make  any 
physical  sense?  They  don't  know  whether  they  do  or  not. 

MR.  COOPER:  How  do  we  affect  those  parameters  here? 

MR.  RODEAN:  To  me  it  is  very  interesting  that  from  the  long-period 
waves,  surface  waves,  you  infer  an  impulse  function  for  this  cavity 
pressure  that  decays  down  to  zero.  Yet  our  code  calculations  and 
Bill  Perret's  measurements  reflect  the  permanent  set  with  definite 
f i ni te . 

MR.  ARCHAMBEAU:  You  are  referring  mainly  to  data  in  the  nonlinear  zone, 
the  zone  near  the  explosion? 

MR.  RODEAN:  No,  we  are  talking  in  the  elastic  zone. 

MR.  ROTENBERG:  You  are  looking  at  20  cycles. 

MR.  RODEAN:  .What  I  am  saying  is  some  of  the  low  frequencies  that  you 
are  talking  about,  your  20-sec  periods,  are  in  that  which  you  throw 
away,  because  that  pulse  there  lasts  only  about  1  sec. 

MR.  HARKRIDER:  I  had  better  clarify  this.  I  don't  know  that  any  of  us 
has  synthesized  Rayleigh  wave  using  that.  I  used  Haskell's  results  and 
I  have  not  compared  it  to  the  data  yet  because  I  also  wanted  to  calcu¬ 
late  the  difference  between  Ms  for  explosions  arid  Ms  for  earthquakes. 

I  calculated  these  things  maybe  a  year  and  a  half  ago,  and  I  just  drew 
a  curve  to  see  what  the  yield  versus  magnitude  was,  Ms  versus  yield  was, 
for  just  granite,  I  think  it  was,  but  I  went  on  to  something  else  and 
haven't  gotten  back  to  actually  comparing  it  to  observed  data  yet. 

MR.  RODEAN:  By  Haskell's  you  are  talking  about  his  analytic  approxi¬ 
mations  for  measured  curves? 

MR.  HARKRIDER:  Right,  his  parametrics,  and  that  is  all  I  had.  What  I 
want  to  know  here  is,  if  you  have  better  ones,  I  would  sure  like  to  use 
them. 
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MR.  TRULIO:  Here  again  the  distinction  between  pre-shot  and  post-shot 
predictions  is  probably  important.  He  worked  back  from  the  signal  to 
get  a  close-in  wave  shape  that  would  give  him  the  signal  he  worked  bac 
from. 

MR.  SMITH:  Howie,  I  think  you  didn't  have  the  scale  right  on  this 
pulse.  It  was  a  very  long  pulse,  perhaps  as  long  as  a  minute.  It 
might  well  be  a  step  function,  because  it  seems  to  have  a  band-pass 
filter  that  does  not  include  zero  frequency. 

MR.  ARCHAMBEAU:  Actually,  people  have  used  step  functions  for  the 
pressure-time  function  and  they  work  almost  as  well. 

MR.  RODEAN:  Maybe  I  was  misreading  the  horizontal  axis,  but  I  thought 
it  was  a  much  shorter  pulse. 

MR.  ALEXANDER:  Whatever  that  function  is,  it  is  slowly  varying  from 
shot  point  to  shot  point. 

MR.  COOPER:  Yes,  but  how  well  do  you  need  to  know  it? 

MR.  CHERRY:  Hold  it  a  second.  The  point  is  how  much  is  it  influenced 
by  things  that  we  don't  have  in  the  code  right  now,  like  condensation 
of  the  cavity  gas  from  just  heat  transfer? 

MR.  ALEXANDER:  That  is  what  we  do  not  know.  How  well  can  you  predict 
what  we  observe  is  really  the  question.  What  we  can  say  from  observa¬ 
tions  is  that  whatever  that  source-time  function  is,  it  does  not  change 
too  much  from  event  to  event,  as  far  as  these  low  frequencies  are 
concerned. 


MR.  COOPER:  Suppose  you  were  to  take  a  calculation  of  an  event  that 
has  been  done,  is  existing  right  now,  and  take  information  that  you 
can  get  in  the  low-strain  region? 

MR.  ARCHAMBEAU:  Yes,  that  is  what  we  ought  to  do. 


MR.  COOPER:  Why  don't  you  do  that? 

MR.  CHERRY:  There  are  some  things  that  we  have  confidence  in.  I  think 
Gasbuggy  is  one  of  them.  There  is  some  question  about  Hardhat. 


MR.  RODEAN 

MR.  COOPER 

MR.  RODEAN 

MR.  COOPER 
that. 


I  think  Salmon  and  Gasbuggy  are  about  the  best. 

Salmon  won't  give  you  the  Love  waves. 

Well,  the  reduced  displacement  potential  won't. 

One  of  the  things  he  does  not  have  on  the  list  up  here  is 
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MR^TJuLI0:  1  W0UId  Vke  t0  ask  if  you  have  a  transfer  function  for  a  i 
grid  that  covers  the  whole  earth  at  regularly  spaced  points? 

MR.  HARKRIDER:  You  mean  the  real  earth?  ' 

MR.  TRULIO:  The  real  earth.  An  event  occurs  somewhere,  and  you  make 
measurements  at  many  other  places.1  :  y 

1  i 

MR.  HARKRIDER:  You  mean  an  observed  one,  not  a  theoretical  one? 

MR.  TRULIO:  An  observed  one.  Is  there  such  a  thing  now?  i 

Uni  It:  t*[ns  t(?at  there  is  Just  a  tremendous  variation  from 

one  place  to  another  that  is  not  very  ;far  away,  because  there  are 
lateral  variations  in  the  earth. 

MR.  TRULIO:  Okay,  but  that  has  to  do  with  how  fine  a  grid  you  need. 

For  a  start,  grid  points  might  be  spaced  every  hundred  miles  alonq 
longitude  lines.  We  would  have  conducted  gn  explosion,  or  an  earthquake 
would  have  occurred  near  the  hypothetical  burst,  and  you  would  record 
tne  signal  transmitted  from  the  burst  point  to  every  other  point. 

That  does  not  exist.  The  distribution  of  sources  is  not 
that  adequate.  None  of  the  earthquakes  is  in  ?  very  narrow  band. 

MR.  TRULIO:  You  might  use  explosions  to  do  that. 

MR.  COOPER:  If  you  attempt  to  do  this  sort  of  thing,'  can  you  expect 
reciprocity?  It  would  seem  to  be  essential  to  that  kind  of  approach. 

MR.  TRULIO:  It  is  a  linear  field.  , 

MR.  COOPER:  Right,  but  the  concept  is  based  on  an  a  priori  assumption. 

MR.  SMITH:  Not  if  there  are  lateral  .inhomogeneities  you  don't  have  it. 

MR.  ARCHAMBEAU:  Yes,  reciprocity  works  out. 

MR.  SMITH:  Not  in  the  sense  he  is  talking  about  here.  ( 

MR.  TRULIO:  Another  thing  you  have  going  for  you,  as  large  a,  job  as 
it  seems,  is  that  there  is  only  one  earth. 

MR.  ALEXANDER:  In  this  situation  you  cari  finesse  the  whole  problem  by 
considering  several  events  from  a  very  localized  area,  tnd  if  you  can 
tell  us  the  expected  differences  between  those,  we  can  measure  the  . 
actual  differences  very  well,  and  without  the  influence  of  propagation 
distortion.  , 

i  !  ! 

MR.  TRULIO:  You  normalize  it  by  having  the  experiment. 


•r 


i 


f 


pathAatXai?ER:  d°nt  hdVe  t0  kn0W  anythin9  about  the  transmission 

MR.  SMITH:  No,  but  you  have  to  have  the  data  points. 

vnn  In!!!:1?'  N0,-it:  3  b1ack  box’  and  you  dor,,t  even  know  the  path. 

you  know  for  a  given  input  here  what  comes  out  over  there. 

[tl  me  aSk  y0U  3  question  which  will  show  how  naive  I 

S  Say  y°u  h3ve  3n  earthciuake  which  you  measure  at 
some  distant  point.  Now  you  have  another  earthquake  and  you  measure  it 

Do^.the  first  earthquake,  by  and  large  now,  and  I  am  talking 
about  something  at  magnitude  six  or  something  like  that,  does  that  9 

isaUfg^d  anymore?1  ronment  enou9h  50  that  your  transfer -function  idea 

MR.  ALEXANDER:  At  most  it  would  change  it  in  the  very  immediate  vi- 
cmity  of  the  source,  because  you  have  all  of  the  rest  of  the  path 

+By  fal^  tbe  imPortant  factor  in  shaping  the  signals  we 
get  is  the  transmission  through  the  earth,  not  what  goes  on  at  the 
source.  So  we  have  to  get  rid  of  this  enormous  effect  in  order  to  see 
what  is  going  on  at  the  source. 

MR.  CHERRY:  But  that  is  not  consistent  with  everything  else  you  are 
saying.  What  you  have  just  said  is  that  the  phase  of  the  signal  is 
determined  by  the  transmission  characteristics,  and  the  amplitude  of 
the  signal  is  determined  by  what  is  going  on  at  the  source. 

MR.  SMITH:  No,  the  amplitude  too.  Both  are  affected  by  the  source. 

MR.  CHERRY:  Yes,  but  they  ought  to  be  invariant. 

MR.  ALEXANDER:  The  part  due  to  the  propagation.  So  is  the  phase  part 
due  to  propagation.  You  can  get  rid  of  that. 

MR.  CHERRY:  But  the  source  phase  .... 

MR.  ALEXANDER:  That  is  still  there. 


MR.  CHERRY:  But  it  is  a  minor  perturbation. 


MR.  ALEXANDER:  I  am  claiming  we  can  get  it,  though. 

MR.  ARCHAMBEAU:  We  can  do  well  enough  that  we  can  get  back  to  the 
source,  but  of  course  there  will  be  an  uncertainty  in  the  result. 


MR.  ALEXANDER:  If  we  have  a  reference  event, 
in  phase  between  two  different  events. 


we  can  tell  the  difference 


MR.  ARCHAMBEAU:  If  we  study  the  earth  carefully  enough  in  some  areas 
we  can  infer  the  source  spectrum  without  the  use  of  multiple  events. 
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Phase  velocities  we  know  pretty  well.  Of  course,  you  don't  need  that 
information  if  you  have  more  than  one  event.  That's  Shelton's  point. 

If  you  are  only  faced  with  comparing  events,  then  we  can  tell  differ¬ 
ences  in  the  event  spectra  when  they're  in  the  same  area  and  have 
common  paths  by  dividing  out  the  common-path  effects. 

MR.  ALEXANDER:  If  you  give  us  one  displacement  potential  and  another 
one  from  another  nearby  event,  we  should  be  able  at  teleseismic  dis¬ 
tances  also  to  perceive  the  difference  in  these  two,  not  what  either  one 
is  absolutely,  but  we  will  give  you  the  function  that  transforms  one  in¬ 
to  the  other. 

MR.  COOPER:  That  may  be  a  break  for  the  codes,  in  a  calculational  sense, 
because  wo  have  a  lot  more  confidence  in  our  ability  to  compute  relative 
effects  than  absolute  numbers. 

MR.  CHERRY:  Yes.  If  you  are  only  worried  about  relative  amplitudes  of 
.the  source,  I  think  we  stand  a  good  chance  of  helping,  but  if  you  are 
asking  what  are  the  detailed  characteristics  of  the  failure  associated 
with  the  source,  then  I  don't  know. 

MR.  ARCHAMBEAU:  I  think  relative  spectral  differences  will  be  useful, 
surely. 

MR.  SMITH:  The  original  problem  about  the  mb  thing  is  an  absolute. 

MR.  ARCHAMBEAU:  That  is  absolute,  that  is  right. 

MR.  SMITH:  That  is  amplitude. 

MR.  ARCHAMBEAU:  That  is  amplitude  spectra,  really. 

MR.  SMITH:  Frequency  amplitude.  That  ought  to  work.  I  don't  see  any 
reason  why  ultimately  that  should  not  work. 

MR.  TRULIO:  Could  I  ask  you  al  so  if  there  is  some  recording  or  detecting 
instrument  that  you  consider  standard,  and  for  which  you  could  give  both 
the  real  and  imaginary  parts  of  the  frequency  response  curve? 

MR.  BLACK:  The  bulk  of  the  teleseismic  data  used  for  magnitude-yield 
determinations  was  recorded  by  the  LRSM  stations,  which  have  been  oper¬ 
ated  for  ARPA  by  AFTAC.  The  LRSM  stations  use  standardized  instrumenta¬ 
tion  for  which  response  curves  are  available. 

MR.  TRULIO:  Do  you  have  a  reference  in  which  I  could  just  look  them  up? 

MR.  ARCHAMBEAU:  They  are  given  in  the  SDL  Shot  Reports,  that  is,  the 
Seismic  Data  Lab  reports  from  Teledyne  in  Alexandria,  \l a. 

MR.  TRULIO:  One  of  the  things  we  should  do  as  standard  practice  in  cal¬ 
culating  earth  motion  for  various  source  conditions  is  take  our  own 
elastic  output  and  put  it  through  that  kind  of  a  calculation. 
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MR.  SMITH:  If  you  are  going  to  do  that,  you  have  to  do  the  Q  structure 
of  the  earth  as  well. 

MR.  ARCHAMBEAU:  Are  you  going  to  do  our  problem? 

MR.  TRULIO:  No,  just  use  the  response  of  a  standard  (mathematical) 
detector  as  a  measure  of  source  strength— and  maybe  a  better  measure 
than  the  crude  ones  we  have  used.  It  might  be  the  best  way  to  compare 
calculated  sources. 

MR.  HARKRIDER:  These  shot  reports  don't  have  the  phase;  they  just  show 
the  amplitude  response.  You  are  not  going  to  get  the  real  and  imagi¬ 
nary  parts. 

MR.  ARCHAMBEAU:  There  must  be  copies  of  the  response  curves  around, 
maybe  not  in  the  later  shot  reports,  but  just  write  SDL.  They  should 
be  able  to  dig  up  those. 

MR.  BLACK:  That  is  the  best  source. 

MR.  ALEXANDER:  They  have  on  file  a  calibration  for  each  station.  The 
amplitude  is  actually  field  calibrated  at  different  frequencies,  so  you 
can  get  an  observed  frequency-response  curve. 

MR.  SMITH:  He  does  not  care  about  the  individual  stations.  He  just 
wants  the  response  so  he  can  have  a  consistent  thing  to  measure. 

MR.  TRULIO:  You  could  use  that  as  a  measure  of  what  the  source  is 
putting  out,  and  you  could  make  variations  in  the  source  geometry,  and 
you  would  want  to  know  in  a  rough  way  what  it  does  to  the  signals  put. 
out.  The  criterion  used  now  is  a  little  too  coarse--R2<$,  where  6  is 
the  displacement  of  some  spherical  elastic  surface. 

MR.  CHERRY:  How  sensitive  is  the  phase  of  the  recorded  data  to  the 
phase  of  the  source  function? 

MR.  HARKRIDER:  For  Ms  measurements,  for  magnitude  measurements, 
which  is  what  ARPA  wants,  right?  Not  just  shape. 

MR.  CHERRY:  Ms  is  surface  waves.  What  you  are  saying  is  for  surface 
waves  the  only  thing  that  we  have  to  look  at  is  the  amplitude  of  the 
source  function.  How  about  for  the  body  waves? 

MR.  COOPER:  Did  I  misunderstand?  Didn't  you  say  that  for  the  surface 
waves  you  really  need  the  relative  amplitudes? 

MR.  ALEXANDER:  In  order  to  compare  sources,  ye... 


MR.  CHERRY:  The  thing  is,  if  we  give  you  two  reduced  displacement 
potentials,  one  that  has  one  shape,  and  another  one  that  has  a  different 
shape,  you  would  be  very  interested  in  that  difference. 

MR.  ARCHAMBEAU:  This  is  in  the  time  domain? 

MR.  CHERRY:  Yes. 

MR.  ALEXANDER:  We  can  derive  a  function  that  should  take  one  of  those 
into  the  other. 

MR.  CHERRY:  That  is  a  separate  problem  though. 

MR.  ALEXANDER:  Yes,  if  we  have  that,  we  can  relate  it. 

MR.  CHERRY:  You  would  be  very  interested  in  that  difference  out  here, 
is  that  true? 

MR.  ALEXANDER:  The  whole  thing,  just  the  way  you  hav./t  gone. 

MR.  COOPER:  But  you  could  make  use  of  nothing  more  than  the  difference, 
even  if  you  did  not  believe  either  number  precisely. 

MR.  SMITH:  There  is  a  discrimination  problem,  and  then  there  is  the 
absolute  problem  of  determination  of  yield. 

MR.  COOPER:  I  was  talking  about  discrimination. 

MR.  SMITH:  I  don't  think  this  is  very  relevant  to  discrimination. 

MR.  ARCHAMBEAU:  What?  The  question  of  the  difference? 

MR.  SMITH:  No,  the  reduced  displacement  potential  I  don't  think  is 
relevant  to  the  discrimination  problem. 

MR.  ARCHAMBEAU:  We  would  like  to  know  the  difference  between  the 
spectrum  of  the  explosion  and  the  spectrum  of  an  earthquake. 

MR.  SMITH:  Yes,  but  that  is  only  out  at  long  periods.  It  is  just 
the  area  under  that  curve  that  makes  any  difference  at  all.  In  the 
discrimination  problem,  we  would  be  much  more  interested  if  you 
would  give  us  the  reduced  displacement  potential  for  an  earthquake. 

MR.  CHERRY:  If  you  give  me  the  stress  distribution,  I  will  try. 

MR.  ARCHAMBEAU:  I  think  I  can  do  it  already. 

MR.  ALEXANDER:  But  you  have  to  do  an  instrumented  earthquake  for  us. 
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Introduction 


These  two  conferences  (June  8-9,  1970:  reported  in  ARPA-TIO- 
71-13-1,  and  August  18-19,  1970:  reported  in  ARPA-TIO-71-13-2)  es¬ 
tablished  communications  between  the  diverse  disciplines  required  to 
predict  the  shock  effects  from  nuclear  explosions  out  to  teleseismic 
distances.  These  disciplines  involve  the  use  of  rock  mechanics  geology, 
nuclear  physics,  computer  hardware  and  codes,  seismology,  and  field 
instrumentation.  Results  from  the  conferences  included  (a)  improvement 
in  the  communication  links  between  the  engineers  and  scientists  engaged 
in  research  relevant  to  the  seismic  coupling  problems,  and  (b)  identi¬ 
fication  of  open  circuits  at  some  points  along  the  communication  lines. 
This  paper  focuses  attention  on  those  open  circuits. 

In  the  prototype  experiment  a  nuclear  device  is  embedded  in  a 
hole  (cavity)*  at  some  specified  depth  beneath  the  ground  surface.  The 
device  is  exploded  (triggered).  The  energy  produced  is  partitioned  into 
electromagnetic  and  radioactive  radiation,  thermal  and  mechanical 
(kinetic)  energies.  The  radiation  and  thermal  energies  attenuate 
rapidly;  therefore,  their  possible  appearance  at  teleseismic  distances 
is  ignored.  However,  the  kinetic  energy  stimulates  intense  motion  of 
the  earth  media  surrounding  the  explosion;  the  resulting  body  (mb)  and 
surface  (Ms)  waves  can  be  identified  and  measured  at  distances  ranging 
upwards  of  thousands  of  kilometers  from  the  explosion  (seismic)  source. 

This  simplified  perspective  is  presented  to  show  why  several 
different  scientific  disciplines  are  required  to  interpret  the  effects 
at  the  measurement  point.  First,  there  must  be  an  accurate  evaluation 
of  the  partition  of  nuclear  energy  during  and  subsequent  to  the  explo¬ 
sion;  this  quantifies  the  amount  of  kinetic  energy  available  to  stimu¬ 
late  ground  motion.  Next,  an  understanding  of  how  different 
characteristics  of  the  earth  media  can  affect  the  propagation  of  this 
kinetic  energy  is  required.  It  is  necessary  to  install  instruments 
that  can  measure  the  resulting  motions  close  in  to  the  seismic  source. 
These  characteristics  and  measurements  then  can  be  introduced  into 
computer  codes  designed  to  describe  the  orientation  and  amount  of  the 
stresses  produced  by  the  ground  motion  from  close  in  out  to  teleseismic 
distances.  These  stresses  can  be  resolved  into  the  ground  displacements 
that  can  be  expected  at  teleseismic  distances.  Measurements  are  also 


*There  appear  to  be  differences  in  the  use  of  the  word  "cavity". 
Dependent  upon  the  individual  user,  the  word  may  refer  to  the  hole 
produced  immediately  after  the  explosion,  to  the  hole  that  develops 
after  the  ground  in  the  explosion  area  reaches  stability,  or  merely 
to  the  shape  and  size  of  the  hole  in  which  the  nuclear  device  is  placed. 
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made  at  teles- ismic  distances  These  are  compared  with  predicted 
measurements  to  establish  the  criteria  required  to  reveal  the  loca¬ 
tion  and  the  yield  of  seism' c  sources  that  are  inaccessible  for  U.b. 
measurements  (U.S.S.R.  and  Communist  China). 


What  Do  We  Know? 


A  prominent  scientist  once  said,  when  discussing  the  effects 
of  shock  waves  on  hardened  installations,  that  a  conference  discussing 
what  we  know  about  such  effects  should  be  completed  within  a  few  hours; 
however,  a  conference  that  discusses  what  we  do  not  know,  would  require 
many  ciays.  This  philosophy  guided  the  preparation  of  this  report.  Part 
of  the  conference  time  was  a  discussion  of  what  we  now  can  do  to  predict 
effects  from  nuclear  devices,  particularly  at  teleseismic  distances. 

The  objective  was  to  explain  how  such  effects  can  be  extrapolated  to 
define  the  yield  of  explosions  that  occur  in  inaccessible  areas  and  also 
to  discriminate  between  explosions  and  earthquakes.  Our  current  capa¬ 
bilities  in  the  latter  cases  had  to  be  qualified  by  numerous  questions 
relating  to  the  gaps  in  our  prediction  ability.  This  paper  summarizes 
these  questions,  describes  the  weak  links  in  the  communication  lines 
between  the  different  disciplines  involved  in  the  prediction  problem, 
and  directs  attention  to  the  research  required  to  close  the  communi¬ 
cation  gaps. 


Role  of  Geology  and  Rock  Mechanics 

If  frequent  reiteration  of  a  communication  problem  is  any  key 
to  its  importance,  the  most .significant  problem  is  the  lack  of  numerical 
methods  that  will  describe  the  effects  of  geologic  defects,  anomalies, 
discontinuities,  etc  upon  the  seismic  signal.  Time  and  again  the  fol¬ 
lowing  questions  were  raised: 

"What  effect  do  fractures  have  upon  the  energy  dispersal 

and  the  wave  shapes?"  .  . 

"How  can  a  computer  code  consider  movements  along  joints.' 

"What  effect  will  prestress  (also  termed  'residual', 

'ambient'  or  'tectonic'  stress)  have  upon  the  wave 

propagation?"  .  .  .  .  . 

"Can  a  dispersive  model  be  constructed  for  jointed  and 

cracked  hard  rocks?" 

"What  is  the  effect  of  anisotropy  in  rock  properties? 


Ancillary  questions  were  related  to  the  inherent  integral 
properties  of  a  rock  element.  For  example,  identification  is 
required  of  those  parameters  that  can  significantly  affect  either  labo¬ 
ratory  or  in  situ  tests.  Attention  has  been  directed  at  the  changes  in 
wave  characteristics  produced  at  various  levels  of  compaction  of  the 
rock  but  there  has  been  little  attention  to  how  tensile  stresses  might 
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affect  such  characteristics,  and,  because  most  waves  have  a  rarefaction 
phase,  it  is  possible  that  the  behavior  of  rock  in  a  tensile  mode  would 
be  of  significance. 

In  Situ  Vs  Laboratory  Properties  of  Reck 

One  question  that  perhaps  was  most  frequently  asked  was 
whether  the  in  situ  properties  of  the  earth  media  can  be  accurately 
portrayed  by  laboratory  testing.  The  answers  to  this  question  disclosed 
a  divergence  of  opinion:  one  group  believed  it  feasible  to  impose 
special  boundary  conditions  on  the  laboratory  test  specimens  to  the 
degree  necessary  to  simulate  the  prototype  performance  reliably.  How¬ 
ever,  some  conferees  felt  that  reliable  answers  could  be  obtained  only 
by  in  situ  tests.  A  major  foundation  for  these  diverse  opinions  was 
that  because  of  natural  fractures,  the  in  situ  media  is  not  a  continuum, 
whereas  most  laboratory  techniques  and  concommitant  analyses  are  based 
upon  the  assumption  that  the  test  specimen  is  a  continuum. 

Laboratories  have  used  artificially  fractured  material  in  an 
attempt  to  simulate  the  effect  of  joints  or  fractures.  These  tests 
have  developed  coefficients  of  friction  for  such  fracture  interfaces, 
but  there  remains  the  question  of  whether  such  coefficients  are  valid 
.for  natural  fractures.  Resolution  of  this  problem  will  require  large- 
scale  laboratory  or  in  situ  tests.  A  subsidiary  problem  is  to  identify 
the  physical  factors  that  can  affect  the  coefficients  of  friction  on 
such  surfaces. 

There'  also  is  a  need  to  know  the  pressures  or  frequencies  or 
amplitudes  that  will  cause  fractures  to  close  and  perhaps  become  trans¬ 
parent  to  shock  waves.  Or  will  discontinuities  of  this  type  produce 
wave  refraction  and  reflection?  Most  rock  systems  (and  intact  rock 
elements)  exhibit  some  degree  of  anisotropy  in  their  velocity  charac¬ 
teristics,  strength,  and  moduli.  There  is  some  evidence  that  the  degree 
of  anisotropy  decreases  with  increasing  loads,  but  further  study  is 
required  to  determine  the  influence  of  rock  fabric  and  other  natural 
constituents. 

As  input  to  the  code  calculations  it  is  necessary  to  have  the 
true  in  situ  compressional  velocity,  density,  isothermal  compressibility, 
water  content,  compatibility,  and  the  loading  and  unloading  hydrostatic 
data.  At  present  these  values  generally  have  to  be  obtained  or  extra¬ 
polated  from  laboratory  tests,  but  their  comparison  to  in  situ  proper¬ 
ties  has  not  been  quantified.  For  example,  how  does  the  density 
determined  from  an  intact  laboratory  specimen  compare  with  the  density 
of  the  discontinuous  rock  system  through  which  the  shock-wave  propa¬ 
gates?  To  evaluate  the  degree  of  accuracy  necessary  for  such  compari¬ 
sons  it  will  be  necessary  to  conduct  parametric  studies  to  define  the 
variation  permissible  in  such  values  when  used  in  code  calculations. 

A  related  information  gap  is  the  current  lack  of  data  on  tne  aforenoted 
rock  properties  at  pressures  up  to  about  2  kb.  There  appears  to  be 
adequate  laboratory  data  above  that  pressure  level. 


267 


and  field  pr'opertiestePril|seb5t"d^!'8r  towards  correlation  of  laboratory 

on  the  Young's  modulus  of  “astir  to-  ^f°U2d,a  df inite  size  effect 
rock  appears  to  decreasp  with  in  •  the  modulus  (and  the  strength)  of 

These  conclusions are leriltd  frnnill"9  VZe  ofShe  test  specimen- 
comparable  rock  elements.  oratory  and  in  situ  tests  upon 

Situ  test  XSSiM  ^sas;ub'"t}'Of  achieving  a  laboratory-in 
ble  use  for  dimensionles’s  rock-DronpOt^OJih^  5bere  WOuld  be  considera- 
provide  a  more  rational  method  to  idPnHfO^1*1^10?-  ‘  Tbe  1atter  might 
rock  properties  Also  if  VJ Sn- comblnations  of  shot-point 

tablished,  th2n*instlad  of  ™ES1°"leS?  VaIues  could  be  es" 
alluvium)  a  dimer^onlesO rOck  d^scn'oJ^^'ri.nSbh35.9"3"1'1!’  tuff’  a"d 
magnitude  vs  yield  v;,  rock-property  type  Sf  oVot  ^  tfe 

numbers  are  d  ffirult  tn  pctahii-ei,  0t  5  ,  Such  dimensionless 

velocity  and  dlsJlKemeSt  dJ?i1Jhl*beCaUSe  °I  the  W1'de  scatter  in  the 
cracks  io  nt?  fiOuc  p  ?2ta  that  appears  to  be  caused  by  local 

lyticai  approach  L  t^as^’altnn5a0T2e9e?hltt,boiefIl'?  pr?ff t.ana- 

proper  weiqht  to  thesp  ^ratter.  i  -Va  ue  that  hopefully  will  give 

influence  of  the  inherent  proDertips^f  The  very  strong 

cated  by  the  field ^SeSf^  £  a  ro^  element  has  been  indi- 
where,  at  a  specific  ?anaP  ,.  rh  laSUCh  qua"tlties  as. Particle  velocity 
selves  by  factors  of  two' or  three.  SUrements  often  disagree  among  them- 

Pore  Pressure,  PorositvT  and  Water 

the  Por„sitfoV?,atratfJrfLeciSe0nrehLreSSUdref?nd(:?r  WW  Does 
the  porosity  of  the  in  situ  ro?k  system  (Si ®  Ce? aJ 1  onshi P  to 
etc)?  Secondly,  how  much  ranqe  o/vaH  jinn^il1  open  joints,  fissures, 
ated  in  the  code  calculation^ li+ZLl  V-  *  2-  1n  poroslty  can  be  toler- 
A  subsidiary  effect  of  loros ityi  “th °"  the  °Utput? 

an  increased  water  saturation  of  the  mate?ia?  ^d  llsS  permU 

increase  in  Dore  Dressurp  when  ftj  „  ",Leriai  anQ  also  a  possible 

latter  occur?epcePpou?d  be ^conM?  t0-,oad-  The 

that  include  media  strenoth  hJSSf*-  6  S19niflcance  in  calculations 
ally  means  a  Selrlase 'TeJferti™  s^enl^T  'V°re  l>ressure  sener- 

pore  pressure  is  sufficient  to  disrupt  mofecular'bond?  hP?"  wl’ether  ‘I® 
or  between  grains  and  the  matrix  AnothOJ6-^  :on?s  between  crystals 
regard  is  that  in  rock  (InTfte  P01"J  t0  be  eXplored  in  this 

nections  between  pores;  therefore  do  ^®  U°  continuity  or  con- 

of  the  porosity  vs  water-saturation  ff6  bav®  an  adequate  understanding 
to  a  dynamic  load?  saturation  effects  when  such  rock  is  subjected 
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steins  from  the  present  assumption  that  once  the  depth  to  the  water  table 
is  established,  all  media  below  that  depth  must  be  saturated.  Observa¬ 
tions  in  deep  tunnels,  however,  have  disclosed  tunnel  walls  that  are 
elatively  dry  (or,  at  the  most  containing  only  a  few  percent  moisture) 
even  when  there  are  perched  water  tables  above  the  tunnel  elevation. 
Thus,  it  is  possible  that  a  perched  water  table  might  introduce  a 
spurious  layering  effect  in  the  seismic  signatures.  There  are  other 
possible  effects  from  the  presence  of  water  in  the  media.  Relatively 
close  in  to  the  explosion  the  water  may  be  converted  to  steam  that  has 
an  as  yet  undefined  effect  on  the  stress  distribution  and  wave  propa¬ 
gation.  Also,  the  effect  of  water  on  coefficients  of  sliding  friction 
between  rock  elements  has  not  been  entirely  clarified. 

Viscosity 


Another  factor  that  appears  to  have  been  given  too  little 
attention  in  laboratory  and  field  tests  is  the  influence  of  the  rock 
viscosity.  Theoretically,  viscosity  should  have  a  strong  influence  on 
the  high-frequency  waves;  this  has  been  learned  during  studies  of  the 
transmission  of  waves  in  the  earth's  crust.  The  effective  Q  for 
transmission  of  m^  waves  is  on  the  order  of  1000  in  the  crust  but 
decreases  to  an  order  of  100  in  the  upper  mantle.  Related  factors  that 
may  have  to  be  considered  in  evaluating  wave  propagation  through  the 
crust  and  upper  mantle  are  the  possible  movement  of  interstitial  atoms 
in  the  lattice,  and  diffusion  of  dislocations,  partial  melt,  and  pore 
water.  K 

Failure  Criteria 


Perhaps  the  most  significant  gap  in  our  knowledge  of  the 
fundamental  properties  and  behavior  of  rock  is  the  lack  of  a  repro¬ 
ducible  failure  criterion.  We  require  a  criterion  that  can  provide  a 
mathematical  description  of  the  state  of  the  media  when  failure  occurs, 
including  the  stress  distribution  that  develops  at  the  failure  point. 
The  comparatively  recent  development  of  the  "stiff"  testing  machine  has 
made  it  possible  to  obtain  complete  stress-strain  curves  for  many  rock 
materials.  For  very  brittle  rock,  however,  the  failure  is  too  rapid  to 
permit  delineation  the  entire  failure  path.  Therefore,  there  is  a 
need  for  a  complete  stress-strain  curve  for  all  rock  materials  that 
might  house  a  seismic  source. 

Reduced  Displacement  Potential  (RDP) 


The  seismologist  measuring  effects  at  teleseismic  distances 
has  found  that  the  properties  of  the  earth  media  definitely  influence 
the  reduced  displacement  potential,  but  quantification  of  these  effects 
has  not  been  too  successful.  The  lack  of  success  is  attributed  to  the 
difficulties  in  developing  a  numerical  descripii''"  of  geologic  defects 
such  as  faults,  fractures,  joints,  structure,  and  stratification. 
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formulation  of  a  theoretical  method  that  will  accurately 
translate  a  shock  wave  from  an  inaccessible  seismic  source  to  a  measur¬ 
ing  point  thousands  of  kilometers  distant  presently  encounters  two  major 
gaps  in  the  transmission  sequence:  (1)  the  inability  to  translate  the 
influence  of  geologic  anomalies  into  numbers  that  can  be  used  in  code 
calcu  ions,  and  (2)  the  lack  of  detailed  knowledge  of  the  rock  proper¬ 
ties  at  the  source  and  between  tne  source  and  the  measurement  point. 
Present  opinion  is  that  if  we  have  a  geologic  description  of  the  earth 

onla  ™  the  SOurce  we  can  extraP°1ate  the  value  of  the  yield  to  within 
to  30  percent  of  its  real  value.  Also  we  probably  can  get  within  a 
fattor  of  two  of  the  actual  reduced  displacement  potential  if  we  are 
provided  the  density  and  the  seismic  velocity  of  the  source  material. 

Our  prediction  accuracies  could  be  improved  if  we  could  establish  that 
the  source  material  had  geologic  and  physicomechanical  properties  that 
closely  resembled  some  of  the  materials  intensively  studied  in  field 
and  laboratory  tests  (such  as  granite,  tuff,  and  alluvium).  However, 
it  was  stated  that  the  present  dynamic  codes  might  produce  a  yield 
prediction  that  could  be  in  error  by  a  factor  of  three  up  to  an  order 
of  magnitude  for  such  material  as  tuff!  Also,  we  will  reouire  better 
correlation  between  the  conduct  and  analyses  of  nuclear  tests'  and  the 
pre-exp. osion  laboratory  and  field  tests.  For  example,  it  was  suggested 
an  objective  appraisal  be  made  of  the  comparisons  that  havp  been 
made  between  code  prediction  of  nuclear  test  effects  and  the  actual 
effects.  *  ‘ 


Instrumentation  and  Measurements 

Many  of  our  current  problems  stem  from  technical  deficiencies 
in  our  instruments  and  our  procedures.  We  now  lack  data  on  stress  con- 

^H?nS^J-the^yp0Cen!:ers  of  ®arthquakes.  Therefore  we  cannot  accu¬ 
rately  define  the  resulting  seismic-source  configuration  and  establish 
specific  differences  between  it  and  a  nuclear  source.  We  are  severely 
ea:nKthe  i°  which  w?  can  make  in  situ  stress  measurements. 
lirheae  Tted  suc^ess  1n  stress  measurements  at  depths  of  as 

much  as  4000  ft;  however,  hypocentral  depths  are  beyond  our  instrument 
(and  possibly  even  our  drilling)  capabilities. 

In  the  laboratory  tests,  present  techniques  permit  us  to 
measure  only  the  average  stress.  Thus  we  must  consider  the  specimen 
in  its  entirety;  our  measurement  techniques  have  not  developed  to  the 
degree  where  we  can  pinpoint  the  effect  of  microscopic  and,  in  some 
dses»  macroscopic  defects  on  the  stress  distribution  in  the  specimen. 

^  u  ^ne  'f3!*'  significant  gaps  in  our  measurement  techniques 

occurs  when  we  attempt  to  relate  laboratory  to  in  situ  measurements. 
Regardless  of  whether  we  are  using  static  or  dynamic  loading  techniques, 
a\  I^ssed  Previously  in  this  paper,  an  acceptable  correction  between 
fc  y  3?d  fl®ld  ffsurements  seems  to  occur  as  an  exception  rather 
than  as  a  rule.  Until  this  gap  is  closed,  we  will  have  to  place  in¬ 
creasing  reliance  on  field  measurements.  However  this  requires  us  to 
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develop  more  reliable  and  relatively  inexpensive  methods  of  making  in 
situ  measurements.  Also,  as  was  pointed  out  by  one  of  the  conferees, 
we  appear  to  have  no  way  to  make  direct  use  of  laboratory-determined 
material  properties  to  estimate  the  late-time  response  of  an  in  situ 
rock  system  to  an  intense  shock  wave. 

Available  accelerometers  and  velocity  gages  are  sufficiently 
rugged  and  sensitive  to  acquire  usable  information  relatively  close  to 
the  seismic  source.  However,  we  do  not  have  a  good  displacement  gage 
for  such  close-in  effects,  particularly  one  that  is  capable  of  measuring 
displacements  on  the  order  of  feet  in  a  smal  1 -diameter  bore  hole.  At 
the  other  end  of  this  spectrum  is  that  because  our  close-in  instruments 
primarily  were  designed  to  measure  relatively  high  motion,  they  cannot 
measure  strains  down  to  the  order  of  10"5  to  10-4;  consequently,  in  the 
purely  elastic  response  region  such  instruments  are  not  effective.  We 
can  make  reliable  measurements  at  teleseismic  distances,  but  we  need  a 
parametric  study  of  instrument  capabilities.  This  may  enable  the 
design  of  instruments  having  degrees  of  sensitivity  that  change  with 
relation  to  their  distance  from  the  seismic  source. 

Another  problem  occurs  in  the  establishment  of  the  instrument 
arrays  at  teleseismic  measurement  points.  At  Dresent,  extensive  extra¬ 
polations  of  their  data  are  required  because  only  a  relatively  few 
instruments  are  placed  at  these  distances.  If  we  had  more  stations  and 
azimuth  control  it  could  be  ascertained  whether  the  geologic  structure 
at  the  measurement  point  or  the  properties  of  the  media  at  the  source 
control  the  radiation  (of  the  shock  effects)  pattern.  For  example,  it 
would  be  desirable  to  have  two  rings  of  stations  fairly  close  in  to  the 
source  and  all  located  within  one  (geological)  structural  province  where 
lateral  variations  in  properties  were  known  to  be  insignificant.  Such 
arrays  would  permit  a  study  of  the  radiation  patterns  as  a  function  of 
frequency  and  thus  determine  whether  the  theoretical  assumptions  were 
correct.  The  design  of  such  instrumentation,  however,  necessarily  will 
depend  upon  a  decision  as  to  what  parameters  should  be  measured.  There 
are  some  code  specialists  who  believe  that  the  Rayleigh  wave  would 
provide  much  better  information  for  extrapolation  of  yield  because  it 
samples  much  more  of  the  structural  environment,  whereas  the  Pn  wave 
would  not  be  too  good  because  it  considers  only  a  small  part  of  the 
source  regior. 

One  suggested  aid  to  the  measurements  is  to  monitor  micro- 
seismic  noises  in  the  vicinity  of  the  seismic  source  prior  to  the  shot. 
This  might  provide  a  clue  to  the  prestressed  state  of  the  rock  because 
large  stress  gradients  probably  would  give  a  relatively  high  frequency 
of  noise.  At  the  very  least,  it  would  enable  a  comparison  to  be  made 
of  the  ambient  stress  situations  at  different  shot  environments. 
(Instrumentation  for  such  measurements  does  exist,  and  it  has  been  used 
frequently  to  monitor  potential  rock-fall  areas  in  tunnels.  Therefore, 
it  merely  is  a  question  of  adapting  this  instrumentation  for  the  pur¬ 
pose  suggested.) 
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The  foregoing  questions  point  toward  the  need  for  in  situ 
measurement  techniques  that  (a)  have  a  greater  reliability  than  the 
present  ones,  (b)  can  evaluate  the  changes  in  properties  under  dynamic 
loading,  (c)  can  test  several  cubic  meters  of  a  roc'c  system,  and  (d) 
can  accomplish  the  aforenoted  measurements  without  introducing  new 
defects  into  the  rock  system.  The  latter  accomplishment  would  make  it 
possible  to  test  the  same  rock  system  under  different  boundary  con¬ 
ditions. 


Prediction  Code  Accuracy 


A  definitive  study  of  the  different  codes  now  used  to  calcu¬ 
late  stress  distributions  close  in  to  the  source  indicated  that  the 
primary  differences  between  these  codes  are  the  manner  in  which  they 
conserve  energy  and  mass.  Some  conserve  total  energy  by  definition 
whereas  others  compute  changes  in  both  the  kinetic  and  internal  energy 
analogs  and  then  check  each  time  step  to  be  certain  that  total  enerqy 
is  conserved  to  within  one  part  in  a  very  large  number  (such  as  10o). 
Other  codes  use  kinetic  and  internal  energy  analogs  defined  so  that  the 
finite-difference  equations  explicitly  conserve  total  energy. 

Teleseismic  Prediction 

The  present  codes  were  designed  to  study  effects  close  to  the 
source,  and  they  have  not  been  expanded  to  predict  ground-motion  effects 
at  teleseismic  distances.  However,  it  appears  to  be  within  our  capa¬ 
bilities  to  expand  these  codes  so  they  will  produce  the  latter  effects 
because  most,  if  not  all,  of  the  codes  now  can  describe  the  stress  beha¬ 
vior  from  the  source  to  within  the  elastic  zone.  Their  expansion  to 
describe  effects  at  teleseismic  distances  should  be  relatively  simple 
because  the  earth  media  between  the  present  prediction  limit  and  the 
teleseismic  point  would  be  responding  as  an  elastic  body. 

The  first  step  would  be  tc  check  the  codes  for  the  sensi¬ 
tivity  of  their  calculations.  We  then  could  learn  what  parameters 
should  be  measured  and  just  how  precise  these  measurements  should  be. 

On  the  one  hand,  this  will  require  the  seismologists  to  input  the 
degrees  of  sensitivity  that  they  require  and  are  able  to  measure;  on 
the  other  hand,  the  rock  mec'nanicist  ill  have  to  state  not  only  the 
available  sensitivity  of  laboratory  tests  but,  more  importantly,  the 
current  capabilities  of  field  instrumentation.  For  example,  is  it 
useful  for  laboratory  measurements  to  be  carried  out  to  one  or  more 
decimal  places  when  such  precision  is  not  feasible  in  the  in  situ 
measurements?  Also  codes  are  structured  on  the  basis  that  the  material 
being  modeled  is  homogeneous,  isotropic,  and  originally  elastic,  but, 
the  true  media  may  exhibit  none  of  these  properties. 
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Equations  of  Statg 

the  Hugoniot  data^o  ser^e  asMiput  for  ?ccu,racy  required  for 

decoupling  situation.  Our  Sodes^lso L^nt1Ca  calculati<>n$  of  the 
complete  and  accurate  equation  Sf  stStS  £  presume  that  we  have  a 
to  the  energy  forces.  Th?s  ?mp?L  that  ?ho  ^  media  subJ'ected 
strain,  and  some  of  the  thermodynamic  vaHahW^h10"  relates  stress, 
equations  of  state  for  all  the  types  of  MrfhmiH-0W!uer’  we  do  not  have 
seismic  source.  And,  it  is  not  yet  cllaf  might  house  the 

effects  are  significant  in  strain-rate  dfn^nfh/KCu  p:operties  and  wave 
of  the  latter  information  makes'  it  imDossfblf6?^  behaY]ror-  The  absence 
stress  levels  where  purely  hyd^rr^^^o^^^^^ftcur. 

Effects  of  Heterogeneities  and  Defects 

early  stages  of  ground  motiorTonl v  fn^hf3"  be  USed  t0  descnbfi  the 
duction  of  inhomogeneitiesor  dSfZctS  in  !E9W!?UVned1a’  The  intro- 
of  at  least  two-D  and  pJssiblv  thrfe  n  forces  consideration 

three-D  codes  still  arP  r  !  L  ,  ?*D  effects-but  such  two-D  and 

suggested  that  the  calculation  diffkJltv^oht^  ca1c^a.tJons-  It  was 
if  cracks  were  introduced  as  an  isotroDir  nhfJ*  be  par^1aly  alleviated 
be  assumed  to  be  distributed  in  ?P  Phenome"on,  i.e.,  they  would 
be  no  preferential  influence  on  tl  nhi/cand°m  |[lani?er  tbat  there  would 
produce.  However,  this  introduces  Ca  ef^cts  they  would 

defining  the  wave  characteristic  afhfhf • 1  ^erjrdl scussecl  difficulty  of 
This  factor -needs  resolution,  partiJularl b?tw?en  two  cracks, 
where  the  wave  energy  is  too  weak  IS  Iff.  telesflsmic  distances 
r.v,  the  problem  is  to  detefminf  the  dSlfSS  crac*s*  Thus’  ir!  Sl»- 

energy  M  2S  ^ 

would  be  disrupted  further 

and  rock  mechanicfdata^^rpresent^ode^Sf10?  t°de  are  the  geo1j9ic 
conceived  theoretical  models  for  aeolffi?  ulat’ons  force-fit  pre¬ 
even  when  there  is  only  a  relatively  S  lufV  t0  £he  laboratory  data, 
stater  The  requirement is  for ^  nuIeroJs  fppb‘cable  stress’ 

face  controlled  laboratory  anH  fi0?5r°US  parametnc  studies  that  inter- 
tions.  Such  studles'woul^d  Zrt f  hfSuInH S * th  uthe  COde 
the  in  situ  response  to  dynamic  effects?  tU  4  understaoding  of 

fully  by  ou°rnecoSr]rJha??je9yfefJ  JP.."*,*?  P™*'*-  success- 
rock  types  appear  to  be  indistinJSishlhiP  9  I  d®  cur\ves  for  dif^rent 
tuff,  granite,  and  salt  all  lie  LoroxWoi F  eyamp?e»  unsaturated 

Theoretically,  the  inherent  strength  oAt’^a'efeSs^ouid  exert  f 
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an  influence  on  the  energy  dispersal  and  thus  the  inherent  nhvci™ 
mechanical  properties  of  the  media  should  be  significant  *  Resolution 
of  this  apparent  anomaly  would  indicate  the  direction  for  future 
research  on  the  rock-mechanics  problems  assoc  ated  with  nucleaTeffects 

r'hSlM  *  i  interest°to  ' 

wave  propa- 

Miscellaneous  Considerations 


is  whether^the^ode^shouf^consider  0f  •"«»  ^Pension 

large  volun.es  of  gas  ffom ?he  e»?£lS  fha*?  "**  aC“pt 

fatte^accept^sufficient  fSfu^f 'o0f1g0a"s0?oe',aMar9^fraCt“':ee5•'“i, '  the 

s?  e?“  S"of,; ^ 

fractures  pw  nf  *uK  t0  the  sur[ace,  it  is  presumed  there  were  no 
because  their  primary  con?e™  i  s  th°ki  nett  Cinergy  0n  *  SUCh  l0SS6S 

22  rx 

for  twH  pfobfem  U  wou?d  nof  wereJdo'ie'  »*>  that 

fine  degree.  The ^ossiMmy^h^r  f  Ihat  thTf,  fur"  fS  a  Verj' 
may  have  the  capability  to  handle  a  vp™  fit!?!  !he  3LLIA^IV  comPuter 
larly  those  problems  derived  from  twoVo^  thrLTcod^s?6161"’  part1cu' 

ILL IAC  IV 


jnPTeased^computation  speed^as^fSparH^wfth  t^at^f^0113^ 

S’SlWSVeSi:  fnXStio°„ne  0rof  i  “ elements  in 
register  in' 

it^o^roduce^floating^oin^operations^at^a  ^te^om^  603616 

where  between  64  and  128  CDC-6600s.  3  P3te  comparable  to  some- 
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This  new  machine  should  facilitate  two-D  code  work  because  of 
the  methods  it  would  use  to  store  a  matrix  and  to  perform  finite- 
di  ference  calculations.  For  example,  if  you  want  to  do  one  manipula¬ 
tion  in  the  interior  of  a  mesf  and  a  different  manipulation  on  the 
boundaries,  the  ILL IAC  IV  storage  capacity  and  arrangements  make  it 
possible  to  access  and  parallel  all  of  the  values  on  the  top  boundary 
ano  the  bottom  boundary  because  they  each  are  stored  in  different 
processing  element  memories.  They  then  could  be  copied  to  the  opcratinq 
registers  in  parallel  and  adjustment  could  be  made  of  the  boundary 
values.  Reportedly,  these  types  of  calculations  may  have  efficiencies 
in  excess  of  80  to  85  percent,  i.e.,  the  average  number  of  processing 
elements  turned  on  during  a  calculation  is  approximately  80  percent  of 
b4.  Matrix  calculation  efficiencies  generally  will  be  in  excess  of  50 
percent. 


On  the  other  hand,  accessing  information  in  tables  will  not 
be  too  efficient  if  the  table  is  so  large  it  cannot  be  contained  in  the 
memory  of  a  single  processing  element.  In  particle-motion  problems  and 
in  nonlinear  radiation  transport  where  the  particles  affect  the 
absorption  properties  of  the  media  through  which  they  are  beinq  trans- 
ferred,  the  efficiency  may  degrade  to  as  low  as  25  percent.  Another 
difficulty  is  that  there  are  no  parity  checks  in  the  machine  at  any 
point.  The  only  way  to  determine  errors  is  to  run  a  confidence  diag¬ 
nostics  program  that  exercises  all  of  the  branches  of  the  logic  in  the 
processing  element.  In  other  words,  you  would  compute  64  answers 
simultaneously  and  determine  if  any  one  result  differed  from  all  of  the 
others.  If  so,  this  presumably  would  be  a  logic  error. 

(NOTE:  All  of  the  conferees'  statements  about  the  ILLIAC  IV 
were  presented  prior  to  actual  operation  of  the  machine;,  presumably, 
therefore,  its  precise  capabilities  and  efficiencies  are  yet  to  be 
determined.) 

Back  to  the  Codes 


A  basic  and  recognized  deficiency  in  code  operations  is  the 
frequent  lack  of  suitable  input  data.  This  deficiency  would  be  alle¬ 
viated  to  a  considerable  extent  if  there  was  a  comprehensive  compendium 
of  all  of  the  test  data  that  is  relevant  to  the  calculation  of  nuclear 
shock  effects.  Such  a  compendium  would  be  particularly  valuable  if  it 
included  time-history  details  and  peak-value  tabulations.  These  would 
have  to  be  listed  in  comparison  with  the  more  or  less  standard  property 
data.  Such  a  compendium  also  would  identify  significant  gaps  in  the 


*  Present  codes  presume  a  spherical  cavity  with  a  spherical 
field  of  motion.  Either  of  these  factors  can  become  asymmetric  with  a 
resulting  degradation  in  the  accuracy  of  the  computation.  The  amount 
of  such  degradation  is  unknown  but  it  would  be  desirable  to  determine 
the  influence  of  other  than  spherical  cavity  shapes  and  other  types  of 
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wave  shapes.  This  could  be  accomplished  by  a  parametric  study  designed 
to  evaluate  the  significance  of  the  resulting  differences. 

Another  useful  exercise  would  be  to  perform  model  studies 
t  angi ng  boundary  conditions  and  changing  inherent  properties. 

Code  calculations  then  would  be  performed  to  see  if  the  results  from  at 
least  small  explosions  can  be  reproduced  by  codes  for  various  typ -s  of 
materials.  The  work  on  just  one  type  of  material,  tuff,  has  considered 
crystal  density  and  porosity  but  has  not  introduced  water.  The  latter 
work  is  now  being  initiated,  and  it  is  believed  that  water  would  intro¬ 
duce  a  third  phase,  the  first  two  phases  being  a  porous  and  a  dry 
material.  A  related  suggestion  was  to  introduce  ranges  of  properties 
about  each  main  rock  type  and  derive  source  functions  that  would  corre¬ 
spond  to  the  range  of  parameters  for  each  parti "Aj*  rock  type  for  a 
particular  yield.  This  study  at  least  might  establish  the  bounds  for 
the  rock  types  that  are  studied. 

Seismological  Input  and  Output 

it  would  be  desirable  to  modify  the  codes  so  they  can  compute 
mk  waves  and  surface  phenomena  simultaneously  with  the  production  of  the 
effects  produced  by  Love  waves.  One  difficulty  is  that  most,  if  not  all 
of  the  large  explosions  generate  Love  waves,  but  the  Love  wave  does 
not  appear  in  most  lower-yield  explosions.  Therefore,  for  code  compu¬ 
tations  using  these  parameters  it  would  be  necessary  to  define  the 
critical  points  or  boundary  lines  between  yield  and  the  type  or  types  of 
waves  generated  vs  the  distance  to  the  measurement  points.  And,  as 
stated  earlier,  the  code  calculation  should  be  extended  to  a  radial 
distance  sufficient  to  compute  strain j  as  small  as  10-5.  This  would 
permit  a  direct  comparison  between  seismological  and  code  calculations. 

One  point  remaining  unclarified  was  whether  the  present  codes 
can  estimate  the  radial  extent  of  fracturing  and  crushing  out  from  the 
source.  This  definition  is  required  for  delineation  of  the  earth-media 
model  that  must  be  used  to  characterize  wave-shape  changes  and  dis¬ 
persion. 


The  seismologist  would  find  it  useful  if  the  codes  could  pro¬ 
duce  the  displacement  field  in  potential  form  within  the  elastic  zone. 
This  implies  the  definition  of  ground  motions  at  stress  levels  of  only 
a  few  hundred  psi ,  and  present  codes  do  not  have  this  capability.  The 
present  codes  do  not  contain  routines  to  generate  the  scalar  and  vector 
displacement  potentials  throughout  the  region  of  linear  motion.  Two-D 
routines  are  required  and  the  resulting  errors  can  be  on  the  order  of 
20  percent  or  greater.  A  better  feel  for  two-D  problems  with  a  failure 
mechanism  included  would  permit  determination  of  the  true  shiipe  of  the 
elastic  boundaries  around  the  explosion  and  in  the  spall  regions.  There 
still  would  be  a  need  to  introduce  geological  anomalies  such  as  faults, 
but  this  might  be  approached  by  first  doing  a  calculation  that  ignores 
the  fault,  and  then  consider  the  disruptive  plane  in  a  manner  that 
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permits  an  inexpensive  parametric  approach.  For  example,  the  plane 
could  be  oriented  in  various  ways  to  determine  the  orientation  effect 
on  the  definition  of  pressure  across  the  plane.  This  study  could  be 
expanded  by  evaluating  the  effect  from  slip-stick  motion  and  from  pre¬ 
stress  in  the  media. 


The  Teleseismic  Signature 

The  seismologist  observes  a  signature  on  his  instruments  at 
the  teleseismic  recording  point--what  does  it  mean?  This  brings  us  to 
the  final  step  in  the  sequences  of  wave  propagation. 

Reduced  Displacement  Potential 

The  most  important  element  in  an  accurate  diagnosis  of  the 
teleseismic  signature  appears  to  be  the  prediction  of  the  reduced  dis¬ 
placement  potential  of  the  wave  at  teleseismic  distances.  A  major 
control  on  the  nature  of  RDP  is  the  calculation  of  the  radius  at 
which  the  earth  media  starts  to  react  as  an  elastic  body  under  the  in¬ 
fluence  of  the  shock.  Field  measurements  and  calculations  indicate  that 
the  RDP  is  affected  seriously  by  the  material  properties  such  as  hys¬ 
teresis  and  strength.  This  implies  a  need  to  determine  late-time  dis¬ 
placement  in  all  possible  media  for  all  possible  source  configurations. 
Although  it  is  known  that  the  RDP  is  seriously  affected  by  material 
properties,  there  is  some  doubt  whether  there  is  sufficient  accuracy  in 
the  methods  now  being  used  to  quantify  the  behavior  of  these  properties. 
Thus  we  face  the  problem  of  accurately  calculating  the  full  range  of 
effects  from  an  explosion  close  in  (where  the  pressure  may  be  in  mil¬ 
lions  of  bars  and  the  temperature  in  millions  of  degrees)  out  to  tele¬ 
seismic  distances  where  the  pressures  will  be  3  small  fraction  of  a 
bar  and  ambient  temperatures  prevail. 

Questions 


One  diagnostic  question  is  raised  by  the  fact  that  cavern 
collapse  (at  the  source)  may  produce  surface  waves  that  appear  almost 
identical  to  the  surface  waves  produced  by  the  explosion  itself;  yet 
the  description  of  these  two  phenomena  in  a  code  calculation  would  be 
considerably  different.  Another  question  evolves  from  the  situation 
where  the  crustal  structure  at  the  receiver  significantly  influences 
the  wave  form;  therefore  it  would  be  desirable  to  calibrate  each  source 
region  insofar  as  the  signal  level  vs  yield  is  concerned. 

In  general,  resolution  of  the  following  would  assure  a  better 
diagnosis  of  the  teleseismic  signal  and  extrapolation  back  to  its  source 

(1)  Hew  can  correlation  be  achieved  between  the  shot  medium  and  the 
surface-wave  magnitude? 

(2)  Is  it  possible  to  predict  which  seismic  signals  in  the  pass  band 
0.5  to  2.0  Hz  actually  propagate  out  into  the  elastic  zone? 
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*  further  attention  should  be  directed  to  the  use  of  spectral  shape 
as  a  discriminant  although  it  is  recognized  that  this  will  not  be 
feasible  until  there  are  several  azimuths  of  instrument  arrays. 


(4) 


(5) 


tarthquakes  are  more  efficient  in  production  of  Love  waves  than 
Rayleigh  waves,  although  the  ratio  is  station  dependent  and  the 
energy  distribution  in  both  time  and  frequency  are  different. 

.  owever,  there  is  not  sufficient  earthquake  data  to  achieve  an 
cur  ate  diagnosis  of  the  signal  by  comparing  the  spectral  ratios 

wvi°«nlrat1oJ[1!l?nTeS\  A1thou9[!  the  e«ct  "“cLism  of  Love 
acquired  If  theoret  raJ  ^f  nH?  a  bette!'  '"’^standing  might  be 
TW  7+  u  5TGtlca  calculations  were  made  near  the  source 
Then,  it  would  be  possible  and  desirable  to  design  a  shot  that’ 
produced  propagation  effects  similar  to  those  from  an  earthquake. 

noriUIr  rnt;fy  distortions  that  are  caused  in  the  short- 
period  data  by  attenuation,  spherical  spreading,  and  lLerlnq?  The 
solution  of  this  problem  is  the  key  to  use  of  absolute  sionals  as 
a  means  of  determining  the  source  parameters.  There  also  is 
requirement  for  a  model  that  considers  all  of  the  crustal  hetero- 

d9ennsl'tt;e:itrS’U?jn9t2UCh  fact0r3  as  the  variatL  of  JeloSuy  1 

dGJ?]ty  the  reasons  for  wave  attenuation  in  different 

media,  and  the  influence  of  surface  topography,  subsurface  strati 

Lreu’iT  s5ruct“re-  although  we  know  that  the  Lpling  of 

?n  soft  nediad  ren\h^s.b!ra?<0r??r  °f  ma3"itude  greater  than  that 
j  ’a.0?  these  distinctions  in  the  source  media  be 
identified  at  teleseismic  distances? 


(6) 


(7) 


The  prediction  accuracy  would  be  enhanced  by  efficient  ooeration 

?he  "ue  SSM.*:?'  k'  a/a!lu"  ^ S«riS 

in  the  spal lPregloru  6  -Surface  sTTLLTclearT  ^ 

descrl’ptforrf"thesehefffT  “T  |,recise  data  is  "eeded  °"  ‘he 
aescription  of  these  effects  in  terms  of  enerqy  rrooaaatir r  bark 

down  into  the  medium;  also,  ch,se  factors  should  bePexpr’'sed  as 

functions  of  source  parameters  for  e  variety  of  materials. 

werl  avCaCilaMePondiLti0nS  W(\u]d  be  P^ible  if  more  pretise  data 
were  available  on  the  properties  of  source  material  that  are 

J33?mSS1i 'a  1°  U^S:  investi9ators.  [Author's  Note:  Such 

nnd^rkna1  mi?ht  be  extracte<?  from  the  open  Soviet  literature 

rSrel5kindi?atIsSfheStS  W1thJ?  the  past  decade-  This  literature 

wllltiondof  surh^t9609^0^0  -°Urce  of  the  test  specimens,  but 
collusion  of  such  data  may  make  it  possible  to  group  the  rock  tvoes 

havng  similar  preppies.  And,  it  may  be  feasible  to  delete  da?a 

where  the  testing  evidentially  was  related  to  civil,  mining  or  * 

prTTTwiTaT!9  P.r°JeCtS-  flJa1j,ses  of  such  cdllations  Lid 

provide  us  with  at  least  a  reasonable  range  of  expectable  Drooer- 
ties  in  potential  source  materials.]  p  aD,e  proper- 
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(8) 


(9) 


a/eq!Jir!ment  f?r  something  equivalent  to  a  pressure- time 
funct-ion  at  a  distance  where  the  strains  are  on  the  order  of  10-4 
to  10-3  and  that  cover  the  frequency  band  of  0.01  to  about  2  Hz. 
Further  this  pressure-time  function  should  encompass  some  reasona¬ 
ble  volume  that  encloses  the  source. 

The  present  codes  can  predict  relative  amplitudes  of  the  source, 
but  it  is  questionable  if  the  codes  can  provide  detailed  charac¬ 
teristics  of  the  failure  associated  with  the  source.  This  problem 
requires  knowledge  of  absolute  amplitude  and  frequency  spectra. 
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